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Abstract 
This study undertook a detailed investigation of recharge processes of a Cainozoic aquifer system 
near the city of Melbourne, Australia that is experiencing rapid urbanisation. The aquifer system 
supports large-scale irrigated horticulture and groundwater dependent ecosystems, and supplies 
municipal drinking water. Changes to planning zones in 2012 and demand for housing has led to 
widespread urbanisation and the area now has the fastest growing population in Australia. There is 
extensive research on the impacts of conversion of land for agricultural production on groundwater 
recharge; however, to date there are few if any field-based studies examining impacts of urban 
expansion on recharge. The aims of this study were to (1) characterise recharge processes and rates 
and explore their relationships with geology and topography (2) investigate the interaction between 
new urban water management infrastructure (constructed wetlands) and groundwater recharge, 
and (3) asses the implications of the current and changing recharge regime for water management 
and land use planning both in the study area and more broadly in regions experiencing rapid 
urbanisation.  
Through a combination of techniques, including drilling, hydraulic testing, water level, soil moisture 
and electrical conductivity time-series analysis, and determination of major ions, stable (δ18O & δ2H) 
and radioactive (3H & 14C) isotopes in groundwater, a new conceptualisation of recharge was 
developed, including estimation of rates in different areas and description of the major controls on 
recharge locations and mechanism(s) in the basin. This model challenges the previous 
conceptualisation of recharge, indicating that opportunities for recharge are limited in much of the 
urban development area. Sub-cropping basalt was found to be highly weathered to clay with low 
permeability, resulting in low recharge rates as indicated by chloride mass balance (5-50 mm/yr) and 
water table fluctuation-based estimates (<5 to 20 mm/yr). Instead, key recharge areas (estimated 
rates >100 mm/yr) are spatially restricted to a zone along the edge of the basin, where the basalt is 
absent and Quaternary sand deposits directly overlie the Tertiary sand aquifer. This 
conceptualisation is further supported by the spatial distribution of tritium in groundwater (ranging 
from below detection up to 2.40 TU, consistent with modern recharge) as well as vertical hydraulic 
gradients and soil moisture profiles.   
The study further demonstrates that constructed wetlands used to manage urban stormwater act as 
an unintended source of new, focussed recharge in the development area. Dynamic relationships 
between filling/emptying of a constructed wetland and water level and EC in shallow adjacent 
groundwater were observed, indicating an oscillating fresh water plume migrating into the aquifer 
away from the wetland. Shallow groundwater quality changed significantly over 2.5 years of 
ABSTRACT 
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monitoring from high salinity (EC = 3,800 µS/cm), low 3H (<0.03 TU) and pre-modern radiocarbon 
(75.5 pMC), to fresh (EC = 600 µS/cm), high 3H (2.29 TU) and modern radiocarbon (98.3 pMC), 
resembling surface water in the adjacent constructed wetland.  At least 18 constructed wetlands 
have been built or are planned in the study area to manage stormwater flows. It is estimated that 
these wetlands may induce an additional 440 to 880 ML/yr of focussed recharge into the basin as 
urbanisation progresses.  
The findings have significant management implications including (1) the importance of protecting 
the relatively small area where active recharge occurs, (2) the potential for constructed wetlands to 
provide additional recharge to the regional groundwater resource, if designs are modified to 
optimise this effect, and (3) with increasing recharge comes a risk of water logging, salinization, 
engineering failure and water quality impacts that need to be carefully evaluated and managed. The 
study highlights the value of collecting a variety of robust field data to substantiate and refine 
groundwater recharge models. The findings also provide valuable insights into hydrological 
processes occurring in areas experiencing rapid urbanisation above zones of potential or actual 
groundwater recharge, particularly where constructed wetlands are used as a stormwater 
management technique.  
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1 Introduction 
This study undertook a detailed investigation of recharge processes of a Cainozoic aquifer system 
near the city of Melbourne, Australia, which is experiencing rapid urbanisation. The aquifer system is 
located within the Casey Growth Area in the Western Port Basin and supports large-scale 
horticulture, municipal drinking water and groundwater dependent ecosystems. The study area 
(60 km2) is a key recharge zone (Lakey and Tickell, 1981) which coincides with an area under urban 
expansion (Cranbourne East, within the study area, is the fastest growing suburb in Australia; ABS, 
2018). Detailed field investigations undertaken for this study have provided data that challenges the 
existing conceptual model for recharge in this part of the basin and provides an important basis for 
assessing the future influence of urbanisation on groundwater recharge. Urbanisation and 
groundwater recharge 
There has been extensive research into the effects of land use change from native vegetation to 
agricultural land on groundwater systems (e.g. Scanlon et al. 2007; Cox et al. 2007; Gilfedder et al. 
2009). A series of research projects have also looked at the influence of long established urban 
infrastructure on groundwater flow systems (e.g. Foster, 1997; Yang et al. 1999; Lerner, 2002; Hall 
and Graham, 2010). However, there is only limited (if any) research using direct field-based 
techniques to assess the influence of the ongoing change of land use from agricultural to urban  on 
groundwater systems (Schirmer et al. 2013). Such changes have the potential to significantly alter 
the hydrological cycle, including the quantities and progress of overland flow, availability of recharge 
to unconfined aquifers and water quality.  
The aim of this study was to gain an understanding of recharge patterns in a catchment undergoing 
rapid urban expansion, both recharge under pre-urban conditions and the potential for changes in 
recharge due to urbanisation. The area under investigation provides recharge to an important 
groundwater resource which supports a large irrigated horticulture industry. While a number of 
modelling studies (e.g. Göbel et al. 2004; Shields and Tague, 2015; Tubau et al. 2017) have 
investigated recharge dynamics related to land use change, there is a lack of field studies to provide 
robust understanding of the impacts on recharge where land use changes from agricultural to urban. 
This study undertook a detailed field investigation, which included the installation of a network of 
groundwater monitoring bores, collection of spatial and temporal water quality and level data, 
monitoring of soil moisture and re-interpretation of existing data sets to provide insights into 
recharge processes in the study area and the potential for urban stormwater infrastructure (e.g., 
constructed wetlands) to impact recharge.  
CHAPTER 1 
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Figure 1-1: An outline of the study area on the north-west flank of Western Port Catchment (modified from PPCMA, 
2014). 
 
1.1 Research Objectives 
The research undertaken in this study focusses on three main objectives: 
1. Complete a detailed characterisation of recharge processes and rates in an important 
recharge area of Western Port Basin. 
The first stage of the study sought to accurately characterise the groundwater recharge regime in 
the study area, which was largely yet to experience significant urbanisation. This included identifying 
the factors that control the rates and mechanisms of recharge. Quantification and mapping of 
recharge rates across the study area was also undertaken to identify areas of high recharge (actual 
or potential) that may be prone to change under urbanisation. This phase resulted in a revised 
conceptual model and understanding of recharge in the area, which differed from previous work. 
2. Investigate the interaction between new urban water management infrastructure 
(constructed wetlands) and groundwater recharge. 
In contrast to agricultural or forested areas, most rainfall in urban environments is directed towards 
engineered drainage networks and structures. Constructed wetlands are used extensively in 
Melbourne and many other urban areas worldwide to manage flows and quality of stormwater in 
urban environments (Melbourne Water, 2009). Urban drainage systems are designed to move water 
quickly away from built infrastructure and channel it to constructed wetlands to reduce the risk of 
flooding and are major features likely to have significant impacts on the location and mechanism of 
Study 
Area 
Western Port 
Catchment 
Melbourne 
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groundwater recharge in newly urbanised areas. To date, limited consideration has been made of 
the interaction of these structures with groundwater and, in Melbourne, they are typically 
considered to lose little to no water via infiltration.  
This study looked closely at a newly constructed wetland in the study area and the effect on water 
levels and quality in the wetland itself and on nearby groundwater. The study considered the 
potential for water infiltration from the wetland to provide additional recharge to the underlying 
groundwater, characterised that interaction and estimated the flux of downward vertical water 
movement. The detailed study of one wetland provides a basis to look more broadly at the likely 
change(s) to recharge mechanisms throughout the region, as such wetlands are the primary strategy 
being adopted to manage urban runoff in the new suburban areas (both in the study area and more 
generally throughout the city). 
3. Determine implications of current and changing recharge regime for water managers and 
land use planners. 
The findings of this study have significant implications for water managers and land use planners. 
Urbanisation has the potential to change the groundwater system in fundamental ways. By 
understanding the recharge regime in pre-urban conditions and the interaction of constructed 
wetlands (the primary runoff control structures) and groundwater in new suburban areas, a final aim 
of this study was to outline the potential risks and opportunities for water management that are 
presented by urbanisation. In particular, the study sought to identify areas of vulnerability to land 
use change that may require additional protection, and to highlight opportunities to best deploy 
water management options such as carefully designed and located constructed wetlands for 
managing recharge to groundwater under an urbanised landscape.  
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1.2 Thesis Outline 
A guide to the thesis structure is presented below.  
1.2.1 Chapter 2: Review of previous scientific investigations of groundwater recharge and the 
impacts of urbanisation 
Chapter 2 outlines the context, theory and state of knowledge regarding the impacts of urbanisation 
on groundwater recharge based on a detailed review of the literature.  The chapter begins with an 
overview of urbanisation globally and the potential changes to the hydrologic system that this can 
cause. A definition of groundwater recharge and the key physical processes involved are provided. 
The drivers and types of changes to groundwater quantity and quality are explained and the 
techniques that are used to study these changes are discussed. Finally, options for managing impacts 
to groundwater from urbanisation are presented. 
1.2.2 Chapter 3: Project Setting 
Chapter 3 provides a detailed overview of the Project Setting. This includes a description of the 
history of land use change in the Western Port Basin. This is followed by a detailed description of the 
land use changes that have occurred during the investigation (2013-2017) and those planned for the 
near future (2018-2040).  
The physical project setting also includes a summary of the surface water catchment, climate, 
geology and hydrogeology of the region. This includes a review of previous investigations of 
groundwater recharge and the previous conceptual understanding of recharge in the study area.  
1.2.3 Chapter 4: Methods 
Chapter 4 outlines the investigative methods used in this study. The search, collation and analysis of 
existing data into specific maps (e.g. chloride distribution in groundwater) is presented. The location, 
rationale and drilling techniques used for the groundwater monitoring bore network are outlined 
together with the sampling and analysis undertaken. Time series data were collected for rainfall, soil 
moisture, groundwater level and electrical conductivity and sampling campaigns were undertaken to 
analyse concentrations of environmental tracers (stable and radiogenic isotopes).  
1.2.4 Chapter 5: Results 
The primary data and results for the study are outlined in Chapter 5. Newly acquired drill hole data, 
surface mapping and groundwater data are combined with existing data sets to update the 
conceptual hydrogeological model over the study area. Groundwater chemistry, including stable and 
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radioactive isotopes, are presented and analysed to identify trends in the chemistry of different 
groups of groundwater (e.g. based on lithology), sources of salinity, mixing, groundwater age and 
mechanisms of recharge. Temporal water level and electrical conductivity data are presented and 
analysed with respect to evidence for seasonal recharge and changes to the recharge regime over 
time.  
1.2.5 Chapter 6: Regional Recharge Dynamics 
This chapter discusses the results of this study to address the first research objective, that is, provide 
a detailed characterisation of recharge processes and rates in a key area of Western Port Basin. New 
insights into the distribution, controls, rates and mechanisms of groundwater recharge over the 
study area are presented. The role of geology in controlling recharge is analysed together with the 
relative importance of the study area in terms of the overall recharge in the broader Western Port 
Basin. 
1.2.6 Chapter 7: Influence of constructed wetlands on groundwater recharge 
This chapter discusses the results of this study to address the second research objective: 
investigation of the interaction between new urban water management infrastructure (constructed 
wetlands) and groundwater recharge. Data are provided which show the clear link between the 
filling of a newly constructed wetland with stormwater runoff and leakage of fresh water into the 
shallow aquifer – i.e., a new mechanism of groundwater recharge that was absent prior to 
urbanisation. The additional recharge from the intensively studied constructed wetland is 
extrapolated to other similar planned structures in the catchment, and the consequences examined. 
Finally, the risks and opportunities for managing the changing land use and recharge dynamics are 
discussed (objective three). 
1.2.7 Chapter 8: Conclusions & Further Work 
Chapter 8 summarises the key study findings regarding recharge processes in the study area and the 
impacts of changing land use from agriculture to low-density urban. This chapter outlines how the 
research objectives have been met and the new and original contributions to knowledge that have 
been made by this study. Also provided is an evaluation of the effectiveness of the different 
techniques used in this study for characterising the recharge regime, and their potential relative 
value for future recharge investigations in similar land-use settings. Finally, a number of suggestions 
are made for future research into the impacts of urbanisation on groundwater recharge.  
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1.2.8 Appendices 
The Appendices contain supporting data that was collected, collated and analysed in this study that 
provide important bases for Chapters 5 to 8.  
Appendix A contains bore construction logs for the twelve groundwater monitoring bores and one 
abandoned investigation drill hole installed during this study. The drilling was conducted in two 
phases; January 2014 and July 2016. Logs contain bore hole data, lithological descriptions and bore 
construction details.  
Appendix B contains data supporting the hydraulic conductivity testing completed on newly installed 
monitoring bores. Hydraulic testing included slug tests and water level recovery tests. Data sheets 
contained in this Appendix include the raw data and graphical and analytical processing of water 
level data.  
Appendix C contains tabulated water level and water chemistry data derived from existing 
databases. A key activity in this investigation was collating data from 1,975 existing water bores in 
the study area to extend the spatial and temporal data coverage beyond (e.g. prior to) the 
timeframe of direct investigation. The primary source of the existing data was Victoria’s Water 
Management Information System (DELWP, 2016).  
Appendix D contains a summary of conference presentations and co-authored papers based on this 
study.  
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2 Previous scientific investigations of groundwater recharge and 
the impacts of urbanisation 
This chapter outlines the context, theory and state of knowledge on the impacts of urbanisation of 
on groundwater recharge.  The chapter begins with an overview of urbanisation globally and the 
potential changes to the hydrologic system that this can cause. The drivers and types of changes to 
groundwater quantity and quality are explained and the techniques used to study these changes are 
discussed. Finally, options for managing impacts to groundwater from urbanisation are presented.  
2.1 Global population growth and urbanisation 
One of the biggest emerging challenges for hydrogeologists and water managers globally is 
understanding the role that urbanisation has on the landscape and hydrologic cycle (Schirmer et al. 
2013). During the early stages of development of the science of hydrogeology in the 19th and early 
20th Centuries, the world’s population was much smaller and largely rural (UN, 2012). In 1850, when 
Henry Darcy was conducting his pioneering experiments on the governing mechanisms of 
groundwater flow, the world’s population was 1.3 billion (UN, 1977). This increased steadily to 2.3 
billion at the onset of World War II in 1939 and has since increased rapidly to 7.6 billion by 2017 (UN, 
2017). Population growth rates have decreased since the 1970’s but global population is still 
projected to keep increasing to 9.8 billion by 2050 and 11.2 billion by 2100 (UN, 2017). 
The growth in global population has also coincided with the migration of people from rural areas to 
cities (Figure 2-1). This has been driven by the industrialisation of modern economies where people 
were drawn to cities to seek greater access to economic, social, education and health services (UN, 
2014). The UN (2012) estimated that the proportion of the world’s population living in urban areas in 
1850 was 5%. Over the following century, people began migrating at increasing rates to cities, such 
that the proportion of people living in cities reached 30% in 1950, exceeded 50% in 2007 and is 
projected to reach 67% in 2050. This trend is even more exaggerated in developed countries and 
Australia in particular, which had a population of 22.5 million with 89% living in cities in 2014 (UN, 
2015). It is worth noting that the definition of an urban area varies globally, and the UN synthesises 
data produced by each nation, which they acknowledge leads to some inconsistency (UN, 2015). In 
Australia, the Australian Bureau of Statistics (ABS, 2011) defines urban as an area with a population 
cluster of 1, 000 or more people, with a density of at least 200/km2. 
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Figure 2-1. Growth in global population living in urban areas 1850 to 2050. 
Graph shows historical increase in total and proportion of the global population living in urban areas (1850 – 2015) and projected 
changes (2015-2050). Source: UN 1977 & 2015. 
With increasing global populations comes increased demand for water and pressure on water 
catchments. Vorosmarty et al. (2000) assessed the potential for global scale water stress from 
climate change and global population growth, finding that increasing water stress in the 21st Century 
is more likely to be driven by increasing population than climate change (although both are 
doubtless important). Water scarcity is predicted to be concentrated around expanding urban areas 
(particularly those in arid and semi-arid regions) which face the risk of water pollution and outbreak 
of waterborne diseases.  Baker (2003) outlined the anthropogenic impacts on natural catchments 
through agriculture, industry and urbanisation that can significantly influence downstream water 
quality and availability.  
2.2 The influence of land use change on the hydrologic system 
Changing land use has the capacity to change the fundamental characteristics of a hydrologic system 
(Gutpa, 2010). When land use in a catchment changes from native vegetation or agriculture to 
urban, these broad-scale changes can cause: 
 Adverse impact on water quality (particularly through addition of salt, nutrients, pathogens 
and sediment). 
 Increase in peak surface runoff rates which can cause flash flooding and erosion. 
 Decrease in duration of streamflow. 
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The United States Geological Survey (USGS, 2015) provide a generalised outline of the typical stages 
of urbanisation, resulting changes in land use characteristics and their effects on hydrology at each 
stage (Table 2-1). The initial stages of urbanisation include the beginning of land clearing and 
construction of houses, and potentially, removal of irrigation or stock water supply bores. Removal 
of vegetation typically leads to decreases in evapotranspiration. Exposed soils and changed drainage 
characteristics lead to higher runoff rates during rain events with associated heightened erosion, 
sedimentation and flood risks in the catchment.  
Table 2-1: The effect of land-use change on hydrology through progressive urbanisation (modified from USGS, 2015).  
Stage Change in land-use Effects of hydrology 
Beginning of urbanization 
 
 Removal of trees and vegetation.  
 Begin building houses, some with sewers 
and some with septic tanks.  
 Installation of drinking water wells. 
 Storm runoff and erosion increase because 
there is less vegetation to slow water as it 
runs down hills.  
 Increase in sediment washed into streams.  
 Flooding can occur because water-drainage 
patterns are changed with potential for 
flushing sewers into rivers.  
Beginning of large-scale 
urbanization 
 
 Bulldozing of land for houses and 
subdivisions.  
 Filling in of farm ponds.  
 Building of roads.  
 Streams diverted to supply water for 
people.  
 Discharging of sewage into streams 
 Cessation of large scale groundwater 
pumping for irrigated agriculture.  
 Land erosion and sediment loads in streams 
increase. This increases the chance of 
flooding and harms the water quality of the 
streams. Local flooding can occur. Some small 
streams are paved over (using culverts).  
 Natural land that used to soak up runoff is 
replaced by roads and large areas of 
pavement (impervious areas). This means 
that the water that used to soak into the 
ground now runs off into streams. The runoff 
can also be collected by storm sewers and 
sent to small streams, which can flood. 
 Increased sewage in streams causes pollution 
-- it can kill fish and make water unusable for 
other purposes downstream. 
Continuing urbanization 
 
 Urbanization is finished by the addition 
of more roads, houses, and commercial 
and industrial buildings.  
 More wastewater is discharged into local 
streams.  
 New water-supply and distribution 
systems are built to supply the growing 
population.  
 Reticulated sewers 
 Reservoirs may be built to supply water.  
 Some stream channels are changed to 
accommodate building construction.  
 Installation of large capacity water wells 
to supply municipal drinking water or 
industrial water.   
 
 More pavement means less water will soak 
into the ground at some locations but 
potential leaks from stormwater assets. 
 The runoff from the increased pavement 
goes into storm sewers, which then goes into 
streams. This runoff can be intense and 
causing flooding. Changing a stream channel 
can cause flooding and erosion along the 
stream banks. More sewage is discharged 
into streams that weren't "designed by 
nature" to handle that much water. 
 Leaking water supply and sewer pipes 
provide additional sources of recharge.  
 If large wells installed for municipal supply 
the water table may fall.  
 If irrigation wells decommissioned water 
table may rise. 
 Deep sewers acting as drains causing 
localised drawdown. 
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Large scale urbanisation involves broad acre clearing of vegetation accompanied by a large demand 
for drinking water and production of large volumes of waste water (USGS, 2015).  The need for 
drinking water leads to the installation of reticulated water supply networks, and in some cases 
reticulated recycled water supply networks, as well as potentially, installation of domestic water 
bores, which change the overall water balance of the catchment. Waste water disposal is a 
significant contamination source if disposed of locally (e.g. pit latrines or septic tanks) or may result 
in permanent sub-surface drains (e.g. reticulated waste water systems below the water table).  At 
the same time, the introduction of relatively impervious surfaces into the catchment, such as roads, 
results in rainfall events producing large volumes of run-off in a relatively short period of time. 
Stream flow can thus become very high magnitude for short periods of time and relatively low for 
extended periods of time in between rainfall events. Figure 2-2 shows an example of two creeks in 
adjoining catchments; one catchment in a rural area and the other in an urban area. The peak flow in 
the urban creek is more than twice the rural creek but recedes in less than half the time. Konrad 
(2003) reports that urbanisation can cause up to a four-fold increase in peak flows during a 10-year 
storm, with the effect more noticeable in smaller catchments. The high flow events have 
implications for infrastructure capacity, flood risk, erosion and riparian ecosystem health. The 
particular impacts realised depend on the specific characteristics of a catchment and the nature of 
the urbanisation, which can vary widely (Gupta, 2010). 
 
 
Figure 2-2. Stream flow hydrographs in urban and rural creeks. 
A comparison of streamflow response to a storm event in an urban creek (Mercer Creek) and a nearby rural creek 
(Newaukam Creek) in Washington, United States. Source: Konrad, 2003. 
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2.3 Groundwater recharge 
Recharge is the term used to describe the “downward flow of water reaching the water table, adding 
to groundwater storage” (Healy, 2010). Once water has reached the water table and migrates from 
one aquifer to another it is called interaquifer flow. Recharge is a critical component of the water 
budget and is of key interest for groundwater managers. It is the mechanism by which water 
replenishes the groundwater resource for consumptive users, and provides the source water that 
feeds critical ecological assets such as springs and baseflow fed streams. Reduction in the quantity or 
quality of recharge reduces the sustainability of the natural resource and ecosystem. While 
understanding recharge rates is critical for effective groundwater management, it is “one of the least 
understood (factors), largely because recharge rates vary widely in space and time, and rates are 
difficult to directly measure” (Healy, 2010). 
Water may reach the water table (Figure 2-3) through widespread excess rainfall or irrigation 
(diffuse recharge) or in a spatially restricted area such as river losses (focussed recharge). The 
relative importance of each varies between catchments, with diffuse recharge tending to dominate 
in humid regions and focussed recharge becoming more important in arid regions (Healy, 2010).  
 
 
Figure 2-3. Conceptual diagram of groundwater recharge. 
A proportion of rainfall makes its way to the water table as either diffuse recharge across the landscape or focused 
recharge at specific location in the landscape, in this instance a losing stream. Infiltrating water must make its way past the 
influence of evapotranspiration (ET) to recharge groundwater storage.  
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Water entering the soil is termed infiltration (also called soil recharge or potential recharge). The 
water then must migrate downwards against the upward pull of capillary tension and 
evapotranspiration. Once past this depth, water can continue migrating downward to the water 
table as net infiltration or deep drainage. Once the water reaches the water table it becomes actual 
recharge (cf. potential recharge; Healy, 2010).  
Rates of recharge vary globally and temporally by orders of magnitude depending on the interplay of 
six main factors: climate (particularly rainfall), geology and/or soil type, topography, hydrology, 
vegetation and land use (Healy, 2010). Annual recharge rates can be less than 1 mm/year in areas of 
low rainfall or high evapotranspiration and greater than 1,000 mm/year in high rainfall areas 
(McMahon et al. 2011).  
The potential effects of global climate change on groundwater recharge remain uncertain (e.g. 
Smeardon, 2017; Crosbie et al. 2013). While global climate change models consistently predict 
increasing temperatures (and therefore greater evaporation), the patterns of future rainfall (both 
temporal and spatial) are much more difficult to predict, which leads to uncertainty regarding future 
recharge rates. For instance, rainfall may decrease overall but fall in more intense rainfall events, 
leading to less overall surface run-off but potentially greater recharge (Crosbie et al. 2013). 
2.4 Changes in groundwater flow dynamics from urbanisation 
As cities grow and the catchment hydrology is modified, there are significant impacts on 
groundwater flow dynamics and recharge (see Figure 2-4).  The pathways, quantity and quality of 
water moving into and out of the ground may all be changed to various degrees (Lerner, 2002). In 
urban environments large areas are typically covered by relatively impervious surfaces such as 
footpaths and roads. A range of studies (e.g. Powell et al. 2008; Burchfield et al. 2010; Zomlot et al. 
2017) have investigated the proportion of land surface that is impervious in various urban areas 
which range from low density urban (10-30%), commercial and industrial areas (50-70%) to high 
density urban (>80%). All of these studies use satellite data, which can track changes over time, 
revealing that the amount of impervious surface often increases at a faster rate than population 
growth in urban areas as the populations of cities “sprawl” across the landscape away from higher 
density inner city areas.  
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Figure 2-4. Changes in groundwater cycle following urbanisation.  
Groundwater cycle under (a) mixed agricultural land uses and (b) changes to the groundwater cycle when land use is 
converted to low density residential housing. ET = evapotranspiration, WT = water table, Evap. = evaporation.  
(a) 
(b) 
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Areas that remain unpaved may receive direct recharge and, if vegetated, evapotranspiration of 
water from the sub-soil will occur. Some precipitation intercepted by hard surfaces such as roof tops 
is lost to evaporation while excess water is diverted to stormwater systems in either below ground 
or above ground systems. Water then may be lost to the ground from above ground stormwater 
infrastructure (but also prone to transpiration and evapotranspiration) while water in below ground 
stormwater systems may lose water to the ground with limited losses by evapotranspiration (Afonso 
et al. 2010). This means that while there is less opportunity for diffuse recharge across paved areas, 
the routing of rainwater to stormwater drains produces a potential source of focussed recharge 
along such drains if these leak. This potential for focussed recharge increases where stormwater 
drains are deeper than the influence of evapotranspiration.  
Figure 2-4b also shows the typical mechanism by which mains water can be imported into an urban 
area and subsequently result in additional groundwater recharge (Lerner, 2002). Urban areas with 
reticulated mains water may import water from a significant distance (greater than 30 km in the 
case of this research project). Additional recharge begins with losses from the leaks in the 
reticulation system. Further water is then lost at the delivery point by excess urban irrigation and 
potentially, through infiltration from septic tanks. If an urban area is serviced by a reticulated waste 
system then potential losses can occur from leaks from the sewer network. Rueedi et al. (2005) 
found that the impact on flow dynamics from a reticulated system depends on whether waste water 
and stormwater are managed separately or in a combined system. In Melbourne (the study area for 
this project), the reticulated potable water distribution system is pressurised and, if it leaks, will lead 
to additional recharge (Hall and Graham, 2010). Waste water networks, on the other hand, are not 
pressurised and, if they leak, can either produce additional recharge if the sewer is above the water 
table or drain groundwater if the waste water pipe is below the water table (shown in the inset of 
Figure 2-4b).    
The location within a catchment that undergoes urbanisation can also affect how recharge changes. 
Zipper et al. (2017) developed a coupled model (1-D land use model and numerical model) to 
explore the influence of the location of a new urban development within a catchment on recharge. 
The model results showed a decrease in groundwater recharge in upland areas but an increase in 
recharge in lowland areas. Zipper et al. attribute this variation in recharge to water table depth 
across the modelled catchment (lowland areas with shallow water table versus upland areas with 
deep water table). While the model fails to take into account the potential importance of leaking 
infrastructure to outweigh the impact of impervious surfaces, the finding that position in landscape 
where land use change occurs influences the nature and magnitude of change in recharge is an 
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important insight. In this case, upland areas may require greater protection by land use planners 
with respect to the issue of recharge.  
2.5 Changes in groundwater recharge rates resulting from urbanisation 
A series of studies starting in the 1990s (e.g. Foster, 1990; Appleyard, 1995; Lerner and Barrett, 
1996) showed that the volume of recharge in urbanised catchments can change significantly from 
their pre-urbanised state. A first-pass consideration of recharge in an urban environment may lead 
an observer to conclude that the presence of extensive areas of paving may create a barrier and 
subsequent reduction in recharge rates. While this may be true at the local scale (see below), urban 
catchments are complex and consideration of additional factors is required when understanding 
changes to the water budget from urbanisation. In fact, for many cities the overall effect of 
urbanisation results in a net increase in recharge (Lerner, 2002). A number of different approaches 
have been used to estimate the rates and sources of recharge in urban environments (summarised 
in Table 2-2).  
Paved surfaces taken in isolation can reduce recharge. Epting et al. (2008) studied the impacts of a 
large highway construction project in Basel, Switzerland, using a combination of detailed 
groundwater monitoring and numerical modelling. The authors found that groundwater recharge 
from precipitation ranged from 5 to 45 mm for non-sealed surfaces and from 2 to 25 mm for areas 
with a high degree of surface sealing. Rose and Peters (2001) used groundwater fluctuation and 
baseflow recession and Toran et al. (2009) used geochemical changes in spring flows to infer 
reduced recharge due to impermeable surfaces in two catchments in the United States (Atlanta and 
Valley Creek).  
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Table 2-2: Changes in water balance inputs from previous studies. 
City  Parameter Methods used Source 
Beijing 30-60% recharge from waste water Water balance Zhang & Kennedy (2006) 
Basel Recharge 5-45 mm (non-sealed 
surfaces) and 2 to 25 mm (sealed) 
numerical modelling Epting et al. (2008) 
Nottingham 6-13 mm/yr from sewers Geochemical modelling Yang et al. (1999) 
Barcelona 50% recharge from mains & waste 
 
Geochemistry (end-
member mixing) 
Vazquez-Sune et al. 
(2010) 
Perth Recharge increase from 20% to 
37% of rainfall  
Hydrographs, 
geochemistry, water 
balance 
Appleyard (1995) 
Nottingham 10 mm/year sewer exfiltration Direct losses Chisala and Lerner 
(2008) 
Atlanta, US 25-40% reduction in 
baseflow/recharge 
groundwater fluctuation 
and baseflow recession 
Rose and Peters (2001) 
Valley Creek, 
US 
Reduced baseflow/recharge not 
qualified only 
geochemical changes in 
springflows 
Toran et al. (2009) 
Flanders 
(region), 
Belgium 
Local scale (50x50m) reduction of 
recharge up to 35%, overall 
reduction of 1% of region.  
One-dimensional (1-D) 
water balance model & 
satellite image land-use 
analysis 
Zomlot et al. (2017) 
Hypothetical 
Urbanisation 
Model 
Urbanisation in upslope areas 
causes recharge reduction, 
downslope areas caused recharge 
increase.  
Coupled 1-D and 
numerical model 
Zipper et al. (2017) 
 
Both mains water supplies and waste water systems can provide additional recharge in the urban 
landscape. Yang et al. (1999) used a combined geochemical and numerical model to study the 
changes in recharge rates in Nottingham over 130 years. They found (within large uncertainty 
bounds) that the overall volume of recharge did not change significantly but the source of the 
recharge did change (mains leaks followed by sewer leaks being the biggest additional sources of 
recharge). Zhang and Kennedy (2006) used a water balance study to show that 30-60% of recharge 
in Beijing comes from waste water releases. This is a significant source of recharge in a city highly 
reliant on groundwater supplies, and thus poses potential water quality issues. Vazquez-Sune et al. 
(2010) identified urban recharge sources for the city of Barcelona, Spain, by an end member mixing 
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model and showed that 50% of the water in the aquifer came from mains and sewers. The authors 
stressed the importance of using conservative species to quantify recharge sources, which in this 
study included the halogens chloride, fluoride and bromide. 
Chisala and Lerner (2008) estimated that the leakage rate from sewers in Nottingham, UK produced 
the equivalent of an additional 10 mm/yr of recharge over the city area based on total sewer losses 
attributed spatially over the network. They also conducted a broader review of other projects and 
suggested that indirect methods for estimating sewer losses, such as water balancing and solute 
balancing, are suitable methods for larger scale assessments but suffer from significant uncertainty. 
Alternatively, they found that direct methods including pressure testing and tracer tests produce 
greater certainty but cannot be easily extrapolated to the entire sewage system and are thus 
expensive to carry out on a large spatial scale. The implication is that both techniques are possibly 
required to address issues of scale and heterogeneity in a given investigation. Overall, they 
estimated that the likely range of exfiltration from sewers is 0.01–0.1 L s-1 km. 
The increase in recharge which can accompany features of the urban landscape can lead to 
groundwater level increases and water logging. Gobel et al. (2004) demonstrated that rises of more 
than 2 m in areas of urban development are possible and this was influenced more by precipitation 
rate and infiltration rate/hydraulic conductivity than the size of the development or degree of 
surface sealing.  
In line with these findings, a combination of both physical and chemical techniques and at point- and 
regional-scale therefore provides better constrained estimates for recharge in urban areas. 
Appleyard (1995) considered three catchments in Perth, Australia, each with similar hydrogeological 
conditions but one undeveloped, one developed less than 20 years ago and one developed more 
than 60 years ago. This study used a combination of hydrograph analysis and geochemistry and 
water balancing to estimate that urbanisation caused an increase in recharge in from approximately 
20% to 37% of rainfall. This increase in recharge was attributed to the clearing of native vegetation, 
leaking water mains and stormwater recharge via infiltration pits. This is one of the few studies 
identified that explicitly considered the influence of stormwater management on recharge.  
2.6 Changes in water quality from urbanisation 
As the dynamics and volume of recharge changes with urbanisation so too does the quality of 
groundwater in urban areas (Diamond & Hodge, 2007; Schirmer et al. 2007). Groundwater 
contamination may be from point sources (such as leaking underground chemical storage tanks) or 
wide spread line sources (such as leaking sewer mains). Chemical manufacturing plants and storage 
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facilities pose significant risk to groundwater quality at the local scale (Domenico and Schwartz, 
1997) through releases to the environment. However, for the purposes of considering the broad 
scale changes to water quality across a catchment, the focus in this study is diffuse sources of 
contamination.  
The main sources of potential widespread line source contamination in urban areas are: 
 Mains water  
 Sewer exfiltration 
 Stormwater. 
Additionally, groundwater salinization may be induced by rising water tables and salt enrichment by 
evapotranspiration. 
The time lag for water quality changes to propagate through an aquifer is almost always longer than 
water level changes (Gelhar and Wilson, 1974). This is because water level changes may be induced 
by pressure changes propagating through the aquifer, whereas the speed of water quality changes 
are typically limited to the speed which water can physically flow (by advection) through the aquifer.  
2.6.1 Treated mains water 
Planned urban developments are accompanied by the supply of treated potable water to new 
houses via pipe networks. Chemicals are added to drinking water for a range of purposes including 
disinfection, water softening, corrosion inhibition and fluoridation, with a list of chemicals approved 
for use (Table 2-3; NHMRC, 2011). Water supply pipes leak and small amounts of these chemicals 
enter the groundwater system, potentially at high enough concentrations to be traceable but 
unlikely to be high enough to significantly impact groundwater quality. Christian et al. (2011) 
conducted an analysis of stream water quality in Austin, United States, showing that the more 
urbanised the area, the more likely the stream water chemically resembles mains water, with 
increasing TDS, decreasing HCO3
- and increasing 87Sr/86Sr ratio. However, it is unclear whether the 
leakage in that case occurred primarily from the mains system or from subsequent transit through 
the waste water system.   
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Table 2-3: Chemicals approved for treated potable water in Australia (NHMRC, 2011). 
Treatment chemical  Formula Purpose 
Aluminium chlorohydrates  AlCl(OH)5  Coagulation 
Aluminium sulfate (alum)  Al2(SO4)3  Coagulation 
Ammonia  NH3 (aq)  Generation of chloraminesfor 
disinfection 
Ammonium sulfate  (NH4)2SO4  Generation of chloraminesfor 
disinfection 
Calcium hydroxide (hydrated lime)  Ca(OH)2  pH correction Softening Corrosion 
control 
Calcium hypochlorite  Ca(OCl)2   Disinfection/oxidation 
Calcium oxide (quick lime)  CaO Coagulation aid pH correction Softening 
Corrosion control 
Carbon powdered activated/granulated 
activated (PAC/GAC) 
 C  Adsorption 
Chlorine  Cl2   Disinfection/oxidation 
Chlorine dioxide  ClO2  Disinfection/oxidation 
Ferric chloride  FeCl3  Coagulation 
Ferric sulfates  Fe2 (SO4)3  Coagulation 
Hydrochloric acid  HCl  pH correction 
Hydrofluorosilicic acid (fluorosilicic acid)  H2SiF6  Fluoridation 
Hydrogen peroxide  H2O2  Disinfection Oxidation 
Hydroxylated ferric sulfate    Coagulation 
Ozone  O3   Disinfection/oxidation 
Polyacrylamides  (C3H5NO)n  Coagulation aid Flocculation aid Filter 
aid 
Polyaluminium chlorides  Aln(OH)mCL(3n-m) Coagulation 
Poly aluminium silica sulfates  Na12(AlO2)(SiO2)12.xH2O  Coagulation  
Polydiallyldimethylammonium chlorides 
(polyDADMACs) 
-  Coagulation and coagulation aid 
Potassium permanganate  KMnO4   Disinfection/oxidation 
Sodium aluminates  NaAlO2  Coagulation 
Sodium bicarbonate  NaHCO3  pH correction Softening Corrosion 
control 
Sodium carbonate (soda ash)  Na2CO3  pH correction Softening Corrosion 
control 
Sodium fluoride  NaF  Fluoridation 
Sodium fluorosilicate  Na2SiF6  Fluoridation 
Sodium hexametaphosphate  NaPO3  Corrosion control 
Sodium hydroxide (caustic soda)  NaOH   pH correction Softening Corrosion 
control 
Sodium hypochlorite  NaClO  Disinfection/oxidation 
Sodium silicate  Na2SiO3   
Sodium tripolyphosphate  Na5P3O10  Corrosion control Softening 
Sulfuric acid  H2SO4  pH correction 
Zinc orthophosphate  Zn3(PO4)2  Corrosion control 
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2.6.2 Waste Water  
Waste water may enter the ground via leaking sewer mains, septic tanks or pit latrines. 
Furthermore, waste water may be collected at a centralised treatment facility, treated (with most 
but not all contaminants removed) and then redistributed to the network as recycled water where, 
in Victoria, it is largely applied directly to the ground as irrigation water (South East Water, 2017).  
Waste water may contain similar trace contaminants to those in treated potable water but also 
pathogens, nutrients, organic and inorganic compounds, surfactants, personal care products and 
pharmaceuticals (e.g., Lapworth et al. 2012; Van Stempvoort et al. 2013). This admixture may be 
further added to by industrial effluent, which may include spent liquors and wastewaters from 
contaminated surface runoff (Zhang et al. 2004). 
Nitrate contamination is often the major contaminant from urban sewer leaks (e.g. Lerner, 1994). 
Similar to other contaminants in urban areas, there is high degree of spatial heterogeneity of nitrate 
contamination due to variations in the point source and complexity in the shallow groundwater flow 
paths resulting from the extensive presence of fill and underground infrastructure (Ford and Tellam, 
1994). While the overall mass of nitrogen in urban groundwater may not be as high as in rural areas 
(Wick et al. 2012), the concentration in severely affected areas can exceed 100 mg/L (e.g. Grischek 
et al. 1996; Afonso et al. 2009; Chisala and Lerner, 2008; Wakida and Lerner, 2005). 
Contaminants that are present in low concentrations ranging from pg/L to ng/L are called 
micropollutants and have more recently become a subject of study in urban areas (Schirmer et al. 
2013). Examples of micropollutants are pharmaceuticals and personal care products (PPCP) and 
endocrine-disrupting chemicals (EDC). There are hundreds of chemicals of this kind that are 
potentially present in waste streams, and selecting which to monitor requires prioritisation by taking 
into account factors such as consumption and predicted environmental concentrations, as well as 
ecotoxicological, pharmacological and physicochemical data (Lapworth et al. 2012). 
A study by Scicluna (2014) analysed treated waste water delivered to the Cranbourne area for the 
presence of acesulfame (an artificial sweetener), gemfibrozil (a cholesterol medication) and 
cyanazine (a herbicide). This analysis showed the absence of these contaminants at detectable levels 
in the treated waste water supply. Groundwater samples from three locations were also analysed 
for acesulfame, gemfibrozil, cyanazine and ethylene glycol in this study and again with no positive 
results.  
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2.6.3 Stormwater 
Urban stormwater may enter the ground via leaking stormwater pipes and drains or via purposely 
designed infiltration structures. Stormwater can contain a range of pollutants including nutrients, 
heavy metals, petroleum, hydrocarbons and perfluorinated surfactants (e.g. Zhang et al. 2004; 
Murakami et al. 2009); some typical ranges of contaminant concentrations are shown in Table 2-4.  
A number of projects have considered the reduction in contaminant loading via stormwater on 
surface water achieved by constructed wetlands and this has included assessing the potential 
beneficial role of groundwater in the constructed wetland treatment process (Maxwell et al. 2017; 
Abed et al. 2016). However, there appears to be little consideration of the potential broader impacts 
to groundwater quality from stormwater and constructed wetlands in particular. The loss of water 
from constructed wetlands to groundwater and the potential contaminant load added through this 
mechanism have to date typically received little consideration in urban water planning. 
Table 2-4: Typical stormwater quality (after Zhang et al. 2004). 
Parameter Concentration 
Suspended solids (mg/L)  20–1 000 
Nutrients (mg/L) 
Total phosphorus  0.12–1.6 
Filterable phosphorus  0.01–0.63 
Total nitrogen  0.6–8.6 
Oxidized nitrogen 0.07–2.8 
Ammonia  0.01–9.8 
Micro-organisms 
Faecal coliforms (cfu/100 mL)  4 000–200 000 
Heavy metals (mg/L) 
Cadmium  0.01–0.09 
Chromium 0.006–0.025 
Copper  0.027–0.094 
Lead  0.19–0.53 
Nickel  0.014–0.025 
Zinc  0.27–1.10 
 
Constructed wetlands are used extensively to manage peak stormwater flows (see Figure 2-5). In the 
United States, Constructed Wetlands are required to include a synthetic liner and leakage is 
therefore negligible (US EPA, 2015), while in Melbourne they are clay-lined except when a site 
geotechnical report recommends otherwise (Melbourne Water, 2017).  Groundwater is typically 
given limited consideration and, when it is specifically covered, is often in the context of aquifers 
being used for disposing excess of surface water (e.g. Clark et al. 2010). 
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Figure 2-5. Conceptual diagrams of constructed wetlands.  
Plan view (a) and cross section (b) of typical constructed wetland used for managing stormwater flows in urban areas 
(eWater, 2016). 
 
Göbel et al. (2008) acknowledged the groundwater quality impacts that urban stormwater runoff 
can cause, and provided suggested management options including the use of swales and infiltration 
trenches. Even this approach notes that the accumulation of contaminants takes place deeper in the 
ground than the base of infiltration devices, effectively moving the problem of contaminant 
accumulation from surface water to groundwater.  
2.6.4 Salinisation 
Salinisation of soil and groundwater can occur by a number of mechanisms. Either excessive 
pumping of groundwater can induce migration of high salinity water towards areas of low salinity 
water (saline intrusion), or rising water tables due to excess irrigation or reduction in 
evapotranspiration can lead to evapotranspiration from the water-table and subsequent 
accumulation of salt (dry land salinity). The issue has been extensively studied by others (e.g. 
Ghassemi et al. 1995; Scanlon et al. 2007), with land use change identified as the main cause of 
(a) Plan View 
(b) Longitudinal Section 
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salinisation.  While conversion from native vegetation to agriculture affects far greater land surface 
area globally, the subsequent conversion of agricultural land to urban areas has significant potential 
impact on the hydrologic balance that brings about salinity (Dahlhaus et al. 2004).  
Some risk factors that can lead to salinity issues in urban areas are natural features while others are 
due to the changes brought about by urbanisation (DPI, 2009). These risk factors are summarised in 
Table 2-5. The level of risk in any particular catchment is related to the interplay of a number of 
these factors that may lead to salinity issues developing. 
Table 2-5:  Factors affecting salinity risk in urban areas (after DPI, 2009 & Dahlhaus et al. 2004). 
Natural features Land use change factors 
High store of salt in the soil or groundwater. Change in vegetation leading to reduced 
evapotranspiration 
Shallow depth to groundwater. Increase in recharge from leaking infrastructure 
Clay soil with low permeability  Reduced large groundwater withdrawals for irrigated 
agriculture. 
Flat lying areas with poor drainage or break of slope 
areas where springs can develop. 
 
  
2.7 Determining changes in recharge from urbanisation 
Numerous techniques have been used for estimating recharge over catchments (Healy, 2010) and 
urban catchments specifically (Schirmer et al. 2013). A description of key techniques and their 
applicability to this study are provided below.  
2.7.1 Chloride Mass Balance 
Chloride is a conservative tracer in the environment and is useful for estimating recharge in a variety 
of techniques (Scanlon et al. 2002). The concentration of chloride has been measured in the 
unsaturated zone to investigate changes in recharge due to palaeoclimatic changes (Scanlon, 1991) 
and this method assumes steady-state recharge via piston flow. Changes in recharge through time 
are generally poorly resolved in most unsaturated zone profiles, that is, the technique is mostly 
applicable in cases where there is a thick unsaturated zone preserving a long timescale of change 
from one recharge rate to another (Huang et al. 2017). 
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The steady-state groundwater chloride mass balance method (CMB) on the other hand requires only 
one sample per bore and can be repeated over time to detect changes in recharge rates. The 
method as described by Crosbie et al. (2010) relates the concentration of chloride in rainfall and 
groundwater to estimate recharge: 
   
       
    
      (   ) 
Where R = recharge (mm/yr), P = rainfall precipitation (mm/yr), Clp = chloride concentration in 
rainfall (mg/L) and Clgw = chloride concentration in groundwater (mg/L).  
The method makes a number of assumption including that (1) there is no source of chloride in the 
ground water other than that from precipitation (2) chloride is conservative in the system (3) steady-
state conditions are maintained with respect to long term precipitation and chloride concentration 
in the precipitation (4) precipitation is evaporated and/or recharged to ground water with no surface 
runoff leaving the aquifer area (5) no recycling of chloride occurs within the basin and (6) no 
evaporation of groundwater occurs up- gradient from the ground water sampling points. The 
recharge estimated by this technique is effectively a net recharge, that is, it only takes into account 
water that arrives at the water table and whatever effect of evapotranspiration from shallow water 
table or local discharge to creeks or springs has occurred (Crosbie et al. 2010). The CMB method is 
applicable on medium to long-term timescales and can be used in low recharge catchments (Scanlon 
et al. 2002). 
2.7.2 Water-table fluctuation method 
The water-table fluctuation method utilizes the change in groundwater levels in response to rainfall 
events to estimate recharge. The technique is described by Healy and Cook (2002), using the 
equation:  
   
       
  
      (   ) 
Where R = recharge, Sy = specific yield, ∆h change in water level and ∆t is change in time.  
The method has been in use since 1929 (e.g. Meinzer and Stearns, 1929) and while it is best used for 
short time periods it can be applied over long-term periods as well (Scanlon et al. 2002). This is 
because there is an assumption in equation 2.2 that water arriving at the water table as recharge 
goes into storage with little to no reduction in storage via outflow (eg. evapotranspiration or flow 
down gradient). This assumption is reasonable over short periods (a few days) but does not hold 
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over longer time periods (months) where recession in the hydrograph needs to be taken into 
account when conducting WTF analysis (Healy and Cook, 2002).   
The recharge estimated by this technique is effectively gross recharge, that is, water that arrives at 
the water table that may subsequently be lost due to evapotranspiration from shallow water tables 
(Crosbie et al. 2010). The water-table fluctuation method can be used over a range of catchment 
types and recharge rates but it limited by the confidence in the estimate of Sy (e.g. Dean et al. 2015; 
Scanlon et al. 2002). 
2.7.3 Radioactive isotopes 
Radioactive isotopes provide an effective tool for characterising recharge which can provide insight 
into recharge behaviour over timescales from a few years to thousands of years. Radioactive 
isotopes, like all tracers, represent average long-term recharge rates, rather the event or seasonal 
based estimates. These techniques are thus comparable to tracer techniques such as CMB or 
artificial geochemicals, but less comparable to the WTF method. One of the main considerations 
when interpreting radioisotope data is the specific aquifer zone sampled (accounting for the length 
of screened interval) and the relative mixing of the most recently arrived recharge and potentially 
older water in the aquifer (Cartwright et al. 2017).  
2.7.3.1 Tritium (3H) 
Tritium has a half-life of 12.32 years which makes it useful for assessing recharge that has occurred 
in the past several years or decades (Clark and Fritz, 1997). Because 3H is part of the water molecule 
it is relatively conservative and does not react during the transit of water through the vadose zone 
and the aquifer. That is, 3H provides an estimate of net recharge (Cartwright et al. 2017).  
While the concentration of 3H in rainfall peaked in the 1960s due to atmospheric nuclear testing 
(Clark and Fritz, 1997), the short half-life of 3H and cessation of testing means that the concentration 
of 3H in rainfall in Australia, of 1-3 Tritium Units (TU) is naturally occurring produced by cosmogenic 
processes in the atmosphere (Tadros et al. 2014). There is no longer a ‘bomb peak’ signature 
identifiable in Australia and there is instead a regular addition of 3H to groundwater with rainfall. As 
a result, the concentration of 3H in groundwater is relative to the residence time since leaving the 
atmosphere. Thus a lumped parameter model can be used to estimate recharge based on the 
concentration of 3H in groundwater (Cartwright et al. 2007; Cartwright and Mortgenstern, 2012). 
2.7.3.2 Radiocarbon (14C) 
Radiocarbon (14C) has a half-life of 5730 years and can be used to study groundwater residence 
times of up to 30,000 years (Clark and Fritz, 1997). Atmospheric 14C is produced by the interaction of 
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cosmic rays and atmospheric gas and is subsequently oxidised to CO2. The consumption of CO2 by 
plants results in a small amount of dissolved inorganic carbon (DIC) leaching through the soil and 
into aquifers (Cartwright et al. 2017). There can be difficulties interpreting 14C data due to the 
potential presence of old non-radioactive carbon from processes such as mineral dissolution. 
However, 14C is still widely used for recharge studies in regional aquifers and is particularly useful in 
semi-arid regions or where recharge rates are low (Cartwright et al. 2017). 
2.7.4 Geochemical Tracers 
The opportunity to use the addition of artificial water sources into the water cycle in urban 
environments as tracers has been explored by a number of previous researchers (Barrett et al. 1999; 
Lerner, 2002; Schirmer et al. 2013; Van Stempvoort et al. 2013). This water may contain chemicals 
that do not occur in the natural water cycle and the identification of such chemicals can provide 
insights into the processes at work in a given catchment (Barrett et al. 1999). The ideal tracer from 
an artificial water source is conservative (does not react or degrade readily), is naturally absent or in 
low concentrations, is readily analysed using conventional techniques, and occurs in sufficient 
quantities in the artificial water source to produce a measureable concentration in groundwater. 
Overall, there is need for a multi-component approach rather than using individual marker species 
for tracing groundwater using artificial compounds. However, as discussed in Section 2.6.2 of the 
chapter, there is an absence in the groundwater and treated waste water supplied to the study area 
of the artificial chemicals typically used for tracers (Scicluna, 2014) which makes this approach 
limited for this study.  
2.7.5 Geospatial and 1-D modelling techniques  
Geographic Information Systems (GIS) provide a sophisticated tool for compiling and analysing 
catchment scale geospatial information (e.g. Wolf et al. 2006; Hall and Graham, 2010; Zomlot et al. 
2017). Information can be interrogated and analysed using various methods and can used to provide 
direct findings about the subject catchment (such total potential recharge over a given area) and 
provide input datasets to a further stage of analysis (such as input aquifer layers into a numerical 
model).  
GIS applications are particularly powerful in recharge studies when they are coupled with 1-D water 
balance models to assess large catchments. 1-D models calculate a water balance for a single 
location (cell or node) in a landscape (eg. WetSpass see Batelaan and De Smedt, 2007; Ensym see 
DSE, 2011). The model takes into account a range of factors such land use, slope, soil type, 
vegetation, climate and groundwater depth to calculate a water balance that includes potential 
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recharge. When coupled with a GIS application, a total catchment water balance can be calculated, 
including recharge. Zomlot et al. (2017) applied this technique over Flanders, Belgium, and found 
that recharge was reduced by up to 35% at the cell scale (50m x 50m) due to urbanisation and an 
overall reduction in recharge of 1% over the entire Flanders region.  
While GIS provides an effective way to manage geospatial data, attempts to produce empirical 
models in GIS applications suffer from the major limitations of the requirement for complex input 
data sets, uncertainty in the input data and additional need to ground truth spatial data (Schirmer et 
al. 2013). 
2.7.6 Numerical modelling  
Numerical groundwater models are a powerful method of analysing groundwater problems. 
Numerical models solve the groundwater flow equation using the finite difference (e.g. MODFLOW 
McDonald and Harbaugh, 1984) or finite element methods (e.g. FEFLOW, Hans-Joerg, 2014).  
While a number of studies have developed numerical models for groundwater systems in urban 
catchments (e.g. Rauch et al. 2002; Freni et al. 2009), these typically suffer from a number of 
limitations. Numerical models in urban environments struggle to account for the complex 
hydrological processes at play in a particular catchment as they often lack the ability to include 
sufficient parameterisation of input data (Schirmer et al. 2013).  Fully coupled numerical models may 
be more useful tool for understanding the processes that are important in a catchment rather that 
attempting to exactly replicate a real world problem with all of its complexity accurately simulated. 
Therefore, numerical modelling may be better at understanding relative impacts, evaluating 
different scenarios and understanding the ‘push and pull’ of the system (e.g., Zipper et al. 2017).  
2.8 Managing impacts to groundwater from urbanisation 
The management of surface water in urban areas has received extensive attention since the 1990s 
and is covered under the banner of Integrated Water Management Systems (IWMS), and particularly 
regarding management of stormwater, Water Sensitive Urban Design (WSUD; Melbourne Water, 
2005). While management of impacts to groundwater has received less attention there are a 
number of examples of groundwater management strategies used in urban areas. The particular 
management strategies for addressing the impacts of urbanisation on groundwater depend on the 
particular risks associated with each catchment. For example, in the Netherlands rising water tables 
due to urbanisation poses a significant flooding risk and therefore management strategies focus on 
minimising recharge and enhancing drainage (e.g. van Griensven and Meixner, 2007). On the other 
hand, over extraction of groundwater in Beijing is leading to subsidence (Chen et al. 2016) and 
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aquifer sustainability issues, and this requires a focus on enhancing recharge and reducing extraction 
(Wang et al. 2014). 
 
2.8.1 Managing increasing water levels 
The water table in a catchment can rise during urbanisation due to an increase in recharge and/or 
decrease in evapotranspiration and groundwater pumping (Section 2.5 in this Chapter). The main 
options for managing this risk are: 
 Minimise recharge  
 Increase drainage 
 Active groundwater pumping.  
Milan, Italy, is currently evaluating proposals to minimise recharge and increase drainage (Gattinoni 
& Scesi, 2017). A numerical model has been developed to evaluate a number of mitigation 
measures. The preferred options under consideration are the construction of a tunnel for hydraulic 
protection and groundwater drainage, and improvements in the irrigation channel network to 
reduce recharge.  
The complexity of this issue is illustrated in the city of Eindhoven, Netherlands where groundwater 
pumping is used as a last resort to prevent water logging and flooding (Peters et al. 2007). However, 
this solution is expensive and places additional pressure on the city’s water treatment infrastructure.  
2.8.2 Managing decreasing water levels 
Groundwater levels can fall in urbanised catchments due to a decrease in recharge and/or increase 
in groundwater extraction (Section2.5 in this Chapter). This can lead to groundwater resource 
vulnerability, land subsidence and impacts on groundwater dependent ecosystems.  
Hunt et al. (2010) provide a detailed guide for developing urban areas which includes run-off, 
infiltration and evapotranspiration to achieve a positive outcome in what they term ‘Low Impact 
Development’ (LID). All of these techniques have the potential to slow down and/or reduce runoff 
(thus reducing flood and erosion risks) and increase infiltration (with positive benefits to 
groundwater recharge). Diversion of stormwater to infiltration basins in Perth provides additional 
recharge to the shallow aquifer (Appleyard, 1995), and in Beijing managed aquifer recharge occurs 
by injection through deep bores (Wang, 2014). 
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Han et al. (2017) point out that increasing recharge to alleviate groundwater depletion can cause 
secondary issues. The effectiveness of increasing recharge via infiltration structures can be reduced 
in areas with a thick unsaturated zone and, depending on the quality of input water and soil quality, 
lead to nitrate contamination.  
2.8.3 Managing water quality impacts 
Groundwater contamination can occur via a number of sources due to urbanisation, as detailed in 
Section 2.6. The two main options for preventing or reducing contamination from waste water in 
urban areas are replacing onsite septic tanks and reducing leaks from mains sewers. For example, a 
program of septic tank removal and pressurised sewer installation is currently underway on the 
Nepean Peninsula south of Melbourne, Australia, with a primary aim to reduce groundwater 
contamination (South East Water, 2018). Stormwater is also a potential source of contamination to 
groundwater but has typically received little attention in the water management literature (as 
discussed in section 2.6). 
Excessive groundwater extraction in coastal cities can also lead to sea water intrusion (Werner et al. 
2013). Pre-emptive measures, including monitoring and control of groundwater pumping to 
minimise the problem, are considered the most effective strategies (Werner et al. 2013), and often 
include complex numerical models to optimise groundwater pumping systems. In the event that 
seawater intrusion has occurred, mitigation options include either a reduction in groundwater 
extraction and/or enhancing recharge, for example through managed aquifer recharge systems 
utilizing treated wastewater (Werner et al. 2013).  
Managing the quantity and quality of water infiltrating the groundwater system in urban areas 
remains a challenge, for which to date research methods and case studies are generally less well-
developed than for agricultural regions – perhaps because of the proportionally greater importance 
of groundwater resources in supporting irrigated agriculture (e.g. Scanlon et al. 2007; Schirmer et al. 
2013; Han et al. 2017).  
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3 Land use change, geology and hydrogeology of Western Port 
Basin 
This chapter provides a detailed overview of the history of land use change in the Western Port 
Basin, the changes that have occurred during this project and those to come in the near future. This 
is coupled with a detailed description of the surface catchment, geology and hydrogeology of the 
region including previous investigations of groundwater recharge.  
3.1 Landscape and land use 
3.1.1 Regional setting 
The study area takes in 70 km2 of the northern west flank of the Western Port Basin near the 
townships of Cranbourne and Clyde, Victoria and is located approximately 45 km southeast of 
central Melbourne (Figure 3-1). This area is important for this study for two reasons:  
1. This part of the basin had been previously identified as an important recharge area for the 
Koo Wee Rup Water Supply Protection Area (e.g. Lakey, 1980).  
2. In 2012 Melbourne’s Urban Growth Boundary was extended over this area which has been 
previously zoned Rural. This will lead to widespread land use change from agriculture to 
extensive low density urban development and associated infrastructure and has the 
potential to adversely impact groundwater recharge.  
 
CHAPTER 3 
38 
 
 
Figure 3-1. Digital Elevation Model, Western Port Basin. 
Digital Elevation Model of study area (shown in red) and Western Port Basin. The straight drainage features in the centre 
part of the map show the main artificial drains that drained the Koo Wee Rup swamp. RBG = Royal Botanic Gardens. 
 
 
3.1.2 Topography and surface water  
There are three distinct topographic zones in the Western Port Basin.  
1. The northern edge of the basin is characterised by steep, elevated topography with the 
highest point in the catchment greater than 800 m AHD (Australian Height Datum) north of 
Tynong. The basin is flanked to the east and west by elevated, undulating ridges.  
2. The study area is located on the western flank of the basin and the local high point at 
100 mAHD is in the southwest corner of the study area, Trig Point in the Cranbourne 
Botanical Gardens (Figure 3-1).  
3. The central part the onshore basin, around Koo Wee Rup, is low and flat with an area 
greater than 200 km2 less than 10 m AHD. 
Surface water drainage across the basin consists of ephemeral and permanent streams flowing off 
the upland areas. The once extensive Koo Wee Rup swamp has now been effectively drained by an 
extensive network of drains and levees as discussed in Section 3.1.4. Cardinia Creek is the largest 
stream on the west side of the basin and immediately east of the study area. Cardinia Creek is 
dammed at headwaters for Cardinia Reservoir. However, the reservoir is principally fed from the 
adjoining Yarra Catchment and approximately 5 ML a day is released from the reservoir for 
RBG 
CLYDE 
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operational purposes (Steve Ennor, 2013, pers. comm., 7 November). That is, Cardinia Creek receives 
constant artificial flows from sources external to the catchment throughout the year.  
Within the study area, Clyde Creek emanates from stormwater drainage which is diverted to the 
Linsell Boulevard Constructed Wetland before flowing southeast of Berwick-Cranbourne Road. Clyde 
Creek was ephemeral in the upper reaches within the study area prior to urban development but is 
now fed from the wetland. Clyde Creek flows into the Western Outfall Drain south of Ballarto Road, 
approximately 5 km south east of the constructed wetland, before disgorging to Western Port near 
Tooradin. 
3.1.3 Climate: rainfall, temperature, evaporation 
The climate of the Cranbourne region is temperate with mean temperatures ranging from 14.0 to 
25.6oC in summer to 6.2 to 13.6oC in winter. Long-term average annual rainfall at Cranbourne South 
(Bureau of Meteorology Station No. 86244) is 785 mm. Rainfall is on average slightly higher in winter 
and spring than summer as shown in Figure 3-2. Potential evaporation rates, however, are much 
higher in summer (195 mm pan evaporation) than winter (51 mm) (Figure 3-2). Annual average 
potential evaporation is 1351mm.  
 
Figure 3-2. Long-term monthly rainfall and potential evaporation, Cranbourne South. 
Long-term mean monthly rainfall and pan evaporation Cranbourne South, Station ID 86244 (data source: Bureau of 
Meteorology). 
 
The long-term rainfall trend for Cranbourne South is shown in Figure 3-3. Significant deviations from 
the long-term mean occurred in the early 1950’s with a relative increase in rainfall in this period with 
another wetter trend occurring in the early 1990’s. A small drying trend occurred in the late 1970s-
early 1980’s followed by a significant drying trend in the late 1990’s-early 2000’s when the annual 
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rainfall fell by over 10% over a ten-year period. This period is termed the ‘Millennium Drought’ in 
south-eastern Australia (Bureau of Meteorology, 2015).  
 
 
Figure 3-3. Long-term rainfall trend, Cranbourne South. 
Long-term annual rainfall and residual rainfall mass curve at Cranbourne South, Station ID 86244 (data source: Bureau of 
Meteorology). 
 
3.1.4 Historical land use 
Prior to European settlement, the Western Port Basin was dominated by the Koo Wee Rup (or 
“Great”) Swamp which extended over 400 km2 from approximately Clyde in the west to Langwarrin 
in the east (Figure 3-4). The area was a freshwater wetland which was extensively inundated and 
dominated by dense cover of swamp paperback ‘Melaleuca ericifolia’ and fringed by mangroves 
‘Avicennia officinalis’ and black wood wattle ‘Accacia melanoxylon’ and messmate stingybark 
‘Eucalyptus obliqua’ around the elevated fringes (Roberts, 1985).  
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Figure 3-4. Original extent of Koo Wee Rup Swamp. 
The blue area was primarily fed by Cardinia Creek and the red area by Bunyip – Lang Lang Rivers. The approximate study 
area is indicated. (Modified from Clyde Historical Society, 2006). 
 
The Koo Wee Rup Swamp was home to the Bunurong people of the Kulin Nation (Roads and Bell, 
2004). There is evidence that Bunurong people moved into the Koo Wee Rup swamp during the 
summer months using Cardinia Creek as an access path to catch fish and eels and hunt wallabies and 
possum, possibly burning the paperbark to assist in the process (Roads and Bell, 2004).  
According to Roberts (1985) Koo Wee Rup means ‘black fish swimming’ in the Bunurong language. In 
Bunurong mythology the swamp itself was created by a giant snake that writhed across the plain 
forming the many tributaries and channels of the swamp. After the snake left the swamp, a large 
bunyip like monster called the Too Roo Dun moved into the swamp and deterred Bunurong people 
from venturing into the middle of the swamp during the night for fear of being eaten by the Too Roo 
Dun (Roberts, 1985). 
In 1839, the first European farmers moved permanently into the area to graze their livestock. While 
a number of farms were established in the following decades, the extensive areas of permanent 
inundation, flooding and thick vegetation impeded development. A series of drainage schemes 
commenced from the 1850s in an attempt to make the area more arable and protect the burgeoning 
farming community from regular flooding events. Drainage works typically consisted of excavated 
channels with raised levee banks to augment gravity drainage with the use of pumping (Figure 3-5). 
By the 1930s the drainage works were sufficient to contain the worst flood events within the 
channel and levee system and the area could be farmed all year round. Also during this time, land 
5 km 
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was cleared to initially satisfy the need for timber and then to open up more pasture and 
horticulture. There were also reports (Neville Rosengren, 2014, pers. comm., 5 May) that after all 
the useable timber was removed, the remaining vegetation was dragged into windrows and set on 
fire. The fire also spread into the underlying peat soil and resulted in a loss of organic soil mass.  
  
  
Figure 3-5. Typical drainage structures in Western Port Basin 
Minor drains near (a) Tooradin Station Road (b) and Muddy Gates Road. Major drains (Cardinia Creek) near (c) Dalmore 
and (d) at the outlet to Western Port. 
 
3.1.5 Current and Future Development 
The study area takes in the commercial centre of Cranbourne and existing market gardens to the 
east and south of Cranbourne. Since the 1980’s the area has been dominated by intense irrigated 
horticulture including celery, lettuces, Asian greens and asparagus (e.g. Figure3-7a). This method of 
agriculture involves planting up to four crops per year, the application of fertilizer (typically poultry 
a) b) 
c) 
d) 
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manure) and then irrigation. The source of irrigation water is from a mix of surface water, 
groundwater and, in more recent times, recycled waste water.  
The conversion of agricultural land to residential land is governed in the study area by the Victorian 
Planning Scheme and the area of expansion is limited by the Urban Growth Boundary. The Urban 
Growth Boundary was extended in 2012 to take in land south and east of Cranbourne that was, up 
to that point, agricultural land, and this area is called the Casey Growth Area (see Figure 3-6). The 
City of Casey, the local government area, had an estimated population of 275,000 in 2013 and this is 
predicted to grow to 492,000 by 2041 (City of Casey, 2016). The suburb of Cranbourne East, within 
the study area, is currently the fastest growing suburb in Australia; (ABS, 2018). The development of 
the Casey Urban Growth area is managed by Precinct Structure Plans (PSP’s) for each new suburb 
which provide master planning for roads, town centres, parks, housing, employment, public 
transport routes, sport facilities and community facilities.  
 
Figure 3-6. Planned urban development in the Casey Growth Area. 
Labels show new suburb names, planned development date,  number of planned homes (H) and people (P). PNYC = Planning 
Not Yet Complete. The surface water catchment divide between Port Phillip and Western Port Catchments in shown by a red 
dashed line (source: City of Casey, 2016). 
CHAPTER 3 
44 
 
 
The majority of current and future development in the study area is low density residential with 
associated education, open space, retail and transport facilities. Industrial development does not 
feature in this development. Low density residential in this context consists of 10-12 (single or 
double storey) houses per hectare and 30-33 residents per hectare. This is typical of ‘suburban’ 
urban density morphology (Dovey and Pafka, 2014). The changes to the landscape associated with 
suburban development that affect surface and groundwater systems (Section 2.4 and Figure 3-3) 
include: 
 Construction of impermeable surfaces (roads, roofs, paths, carparks) reducing potential 
diffuse recharge and increasing routing of stormwater.  
 Construction of wetlands to manage flooding.  
 Removal of trees and other vegetation reducing evapotranspiration. 
 Introduction of water supplies via reticulated potable and waste water.  
 Decommissioning of groundwater supply bores for irrigated agriculture.  
Examples of land use changes that have occurred in the study during this project are shown in 
Figure 3-7.  
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Figure 3-7. Examples of land use before, during and after residential development. 
View looking southeast from Clyde Recreation Reserve (a) in 2014 showing a mature celery crop and white irrigation sprinklers 
and (b) in 2016 showing car park and (b) land sales office. (c) View looking southwest from Clyde Recreation Reserve showing 
irrigated market garden in the foreground and recently constructed residential development in the background. (d) Tree 
clearing of mature trees on Berwick Cranbourne Road. (e) Site excavation works occurring prior construction of roads and 
stormwater drainage. (f) View looking north from Linsell Boulevard in Cranbourne East with constructed wetland in the 
foreground which is filled by stormwater inflows from the residential development in the background.  
 
An overview of the land use change evident through satellite imagery from 2006 to 2017 (Figure 3-8) 
show that limited land use change from agriculture to low density urban development occurred 
from 2006 to 2012; significant development occurred from 2012 to 2015 and again from 2015 to 
2017 as urban development extended south and east to Clyde Creek.  The area of intense 
development during this time coincides with the new suburbs of Cranbourne East and Clyde Creek. 
Development is expected to continue further east into Clyde Creek and south into Casey Fields South 
in the next 10-20 years. The precinct structure plans are yet be completed for McPherson and Clyde 
a) b) 
c) d) 
e) f) 
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South (Figure 3-6). Development of these suburbs depends on the progress of existing developments 
(both construction and sales of existing subdivisions).  
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Figure 3-8. Development in the study area from 2006-2017. 
The dashed red polygon shows the area of greatest change during the study period. Limited land use change from agriculture to low density urban development occurred from 2006 to 2012. 
Then significant development occurred from 2012 to 2015 and again from 2015 to 2017 as urban development extended south and east to Clyde Creek. Groundwater monitoring bores 
installed in this project area shown in green (image source: GoogleEarth).  
2006 2010 
2015 2017 
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3.2 Geology 
The Western Port Basin is a relatively shallow Cainozoic aged basin filled with a mix of clay, silt, sand, 
minor coal and limestone sediments and extrusive igneous rock. The basin is bounded to the west by 
the Tyabb Fault/Clyde Monocline, the east by the Heath Hills Fault and to the north by outcropping 
Palaeozoic bedrock (Figure 3-9). The basin is typically less than 100 m deep (depth to basement) on 
the western flank but can reach depths of more than 300 m near Lang Lang (Lakey and Tickell, 1980). 
Figure 3-9 shows the geometry and main sub-cropping geological units across the basin and a 
geological cross-section is shown in Figure 3-10.  
3.2.1 Basin Evolution 
Western Port Basin has been subject to extensional block faulting during the Cainozoic resulting in a 
complex down faulted basin formed by normal faults (e.g. Tyabb and Haunted Hills Faults) and 
monoclines (e.g Clyde Monocline) (Holdgate and Gallagher, 2003). While some of these faults may 
have been activated in the Jurassic it has been the substantial movement during the late Pliocene to 
Early Pleistocene that has resulted in the current morphology of the basin (Spencer-Jones et al. 
1975). To the west of the basin lies the Mornington Peninsula which appears in an up-faulted block 
(Holdgate and Gallagher, 2003). A central uplifted ridge occurs in the southern part of the basin 
which forms French and Phillip Islands (Figure 3-11).  
Cainozoic deposition has occurred through a series of marine transgressions and regressions and 
volcanic eruptions (Lakey and Tickell, 1981). Marine regressions allowed the accumulation of 
substantial fresh water deposits including thin coal and lignite beds during the early Eocene 
(Holdgate and Gallagher, 2003). Mid to late Eocene volcanism produced widespread basalt flows 
with subsequent marine transgressions leading to the formation of limestone (Sherwood 
Formation). Early Miocene to Quaternary deposition was largely due to alluvial, paludal and aeolian 
processes.  
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Figure 3-9. Outcrop geology across Western Port Basin. 
The study area located on north-western flank of the basin and is highlighted in dashed red line and location of cross-
section A-A’ (Figure 3-10) and B-B’ (Figure 3-16) indicated. Surface outcrop geology codes: Qd (Quaternary alluvial 
deposits); Qa (Quaternary aeolian deposits); Qs (Quaternary swamp deposits); Tb (Baxter Formation); Tvo (Older 
Volcanics); K (Strzelecki Group); Dgr (Devonian granite); S (Silurian bedrock) (source: GeoVic, 2017). 
 
 
Figure 3-10. Geological cross-section across Western Port Basin. 
The location of the cross-section and geological codes are provided in Figure 3-9 plus Tm (Sherwood Formation), Ty 
(Yallock Formation) and Tec (Childers Formation). (Modified from Lakey and Tickell, 1980). 
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Figure 3-11. 3D view of bedrock elevation, Western Port Basin. 
Oblique view to the north-east showing elevation of pre-Cainozoic bedrock in Western Port Basin. The basin is relatively 
shallow in the western half (<100 m) with a deep trough (up to 300 m) in the eastern half. (source: DSE, 2012a). 
 
 
3.2.2 Palaeozoic: Ordovician, Silurian, Devonian bedrock 
Ordovician age meta-sediments including sandstones, mudstones and slates form the bedrock over 
part of the Western Port Basin and occur as minor outcrops on uplifted areas of the Mornington 
Peninsula (Jenkin, 1962). Silurian sediments have been commonly encountered during drilling in the 
basin (Lakey and Tickell, 1981; Woodwood Clyde 1997; URS, 2013) and these rocks occur in subcrop 
at the SBI Cranbourne Quarry immediately southwest of the study area. The Silurian sediments 
include siltstone (commonly bioturbated), shale, sandstone (typically quartz-rich in the lower part 
and lithic in the upper part), rare conglomerate and limestone of the Murrindindi Supergroup 
(GeoVic, 2017).  
Devonian age granitic intrusions also occur in the Western Port region as part of the Dandenong 
Ranges Igneous Complex and related Arthurs Seat intrusion (Cas et al. 2003). The Lysterfield 
Granodiorite and Tynong Granite form the upland area of the northern part of the basin. Smaller 
outcrops form locally prominent landscape features on the southwest (Arthurs Seat) and southeast 
(Cape Woolamai) margins of the basin. The granitic rocks range from biotite-hornblende 
granodiorite to porphyritic biotite granite (GeoVic, 2017).  
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3.2.3 Mesozoic bedrock 
The Wonthaggi Formation (Strzelecki Group) is the main outcropping geological unit forming the 
uplifted eastern margin of the basin. This formation consists of lithic volcaniclastic and arkosic 
sandstone and siltstone with minor conglomerate and coal. The formation underlies much of the 
eastern part of the basin (Jenkin, 1962) and occurs in minor outcrop on French and Phillip Islands.  
3.2.4 Cainozoic 
Cainozoic sediments and volcanics are more than 300 m thick in the eastern part of the basin where 
the down faulted horst structure formed by the Lang Lang and Tankerton faults is deepest (see 
Figure 3-11). The western part of the basin however, is much shallower with a maximum thickness of 
approximately 100 m (Thomson, 1974). The majority of groundwater resources, which are the focus 
of this study, occur within the Cainozoic sequence and as such, a detailed description of the main 
Cainozoic units in the Western Port Basin is provided below including unit extents (Figure 3-12), 
geological descriptions and aquifer properties (Table 3-1).   
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Table 3-1: Summary of the main aquifer units of the Western Port area (after Lakey and Tickell, 1980). VAF = Victorian Aquifer Framework (DSE, 2012b) 
Age Geological Unit 
VAF Aquifer 
Name 
Lithology  Aquifer Characteristics 
Maximum 
Thickness (m) 
Maximum 
Transmissivity 
(m2/d) 
Hydraulic 
conductivity 
(m/day) 
C
ai
n
o
zo
ic
 
P
le
is
to
-c
en
e
 
Cranbourne Sand Quaternary (QA) Sand and clay 
Unconfined sand aquifer, sheet-like form 
with limited saturated thickness. 
  - 
L.
 M
io
ce
n
ce
 
Baxter Formation 
Upper Tertiary 
Aquifer Fluvial 
(UTAF) 
Sand, medium to coarse, 
quartzose, gravel; often 
carbonaceous. 
Unconfined and confined aquifer of 
unconsolidated sand and gravel. 
74 100 1.0 - 4.0 
E-
M
 
M
ic
o
ce
n
e 
Sherwood Formation 
Upper Mid 
Tertiary Aquifer 
(UMTA) 
Calcarenite with sand, silt 
and clay matrix; minor 
limestone. Typically confined aquifer of 
unconsolidated sand and gravel and 
limestone. 
90 90 1.0 - 8.0 
E.
 
M
io
ce
n
e
 
Yallock Formation 
Sand, medium to coarse; 
gravel, carbonaceous. 
72 191  
Eo
ce
n
e 
Older Volcanics 
Lower Tertiary 
Basalts (LTB) 
Basalt, extrusive typically 
basianite.   
When weathered to clay forms an 
aquitard; fresh basalt forms a fractured 
rock aquifer 
111 1500 3.0 -12.0 
Eo
ce
n
e 
Childers Formation 
Lower Tertiary 
Aquifer (LTA) 
Coarse sand and gravel; 
numerous lignite and hard 
carbonaceous clay beds. 
Semi-confined to confined aquifer of sand 
and gravel. 
69 149 3.0-4.0 
M
es
o
zo
ic
 
Cretac-
eous 
Strzelecki Group 
Mesozoic & 
Palaeozoic 
Basement (BSE) 
Mudstone, sandstone, coal. 
Little known, but includes some minor 
fractured rock aquifers. 
  - 
P
al
ae
o
zo
ic
 Devonian Granite 
Granodiorite to biotite 
granite 
Silurian Murrandindi Super Gp. 
Mudstone, siltstone, 
sandstone. 
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3.2.4.1 Childers Formation 
The Childers Formation is the oldest Cainozoic unit the Western Port Basin and consists of ligneous 
clay, dense silt and coarse sand and gravel deposited by alluvial and paludal processes (Lakey and 
Tickell, 1981). Because of its depth is often >100 m, the Childers Formation has not been drilled as 
extensively as some of the shallower units and thus it has not been as well characterised. It is known 
to be thickest in the eastern side of the basin where the depth to bedrock is up to 300 m and is up to 
100 m thick near Lang Lang (DSE, 2012a). The Childers Formation was dated as Palaeocene to Early 
Eocene (Carillo-Rivera, 1975) and is stratigraphically equivalent of the Werribee Formation in the 
adjacent Port Phillip Basin (Holdgate and Gallagher, 2003).  
3.2.4.2 Older Volcanics 
The Older Volcanics occur extensively across Western Port Basin with substantial outcrop east of the 
basin, subcrop near Cranbourne and underlying younger Cainozoic sediments elsewhere (Figure 3-
12d). The volcanism was associated with rifting that commenced with the break-up of Australia and 
Antarctica and continues to virtually the present day (Price et al. 2003). The Older Volcanics refers to 
a period of volcanism in Victoria which occurred at around 15-60 Ma with deposition of basalts in 
Western Port Basin occurring at around 18-22 Ma (Price et al. 2003). The basalt is predominantly 
alkali and varies in composition from nephelinite to basanite (the dominant rock type) and hawaiite.  
The Older Volcanics occur as sheet and valley-fill basalts interbedded with clay, sand, gravel and coal 
(Carillo-Rivera, 1975). While extensive over most of the basin, the volcanics are absent  near Lang 
Lang, on French Island and along the southern Heath Hill Fault (Jenkin, 1962; Carillo-Rivera, 1975) 
and this is attributed to extensive weathering of the volcanics prior to subsequent deposition (Lee, 
2015).  Lakey and Tickell (1981) note that the Older Volcanics are often highly weathered to clay 
both in subcrop in the Cranbourne area and within the Western Port Basin where they 
unconformably underlie the Yallock Formation.  
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Elevation 
(mAHD) 
Figure 3-12. Extent of Cainozoic aquifers in Western Port Basin. 
Extent of aquifers and elevation (mAHD) of top of aquifer (a) Quaternary (b) Baxter Formation (c) Yallock and Sherwood 
Formations (d) Older Volcanics (e) Childers Formation. Pre-Cainozoic basement is coloured grey (source: DSE, 2012a). 
 
  
(a) Quaternary Formations (b) Baxter Formation 
(c) Yallock and Sherwood Formation (d) Older Volcanics 
(e) Childers Formation 
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3.2.4.3 Yallock Formation 
The Yallock Formation is an early Oligocene fluvial and alluvial deposit of medium to coarse 
quartzose sand, gravel and lignite (Lakey and Tickell, 1981). The formation reaches its thickest (72 m) 
near Koo Wee Rup in the centre of the basin but thins to the northwest and is largely absent in the 
study area (Figure 3-12c). Extensive outcrop of the Yallock Formation occurs on the eastern side of 
the basin between Heath Hill and Lang Lang. The Yallock Formation was not recognised by some 
authors (e.g. Carillo-Rivera, 1975) who classified it as a fresh water facies of the marine Sherwood 
Formation; the Yallock and Sherwood Formations are classified as the same hydrogeological unit - 
Upper Mid-Tertiary Aquifer - in the Victorian Aquifer Framework (DSE, 2012b; Figure 3-12). Lakey 
and Tickell (1981) and more recent work by Currell et al. (2013) and Lee (2015) have maintained the 
separation of the Yallock and Sherwood Formations.   
3.2.4.4 Sherwood Formation 
The Sherwood Formation was deposited in the early to mid-Miocene and consists of sand, silt and 
calcarenite unconformably overlying the Older Volcanics. Lakey & Tickell (1981) divided the 
formation into two members: 
 Tm: a predominantly fine to medium sand member with minor limestone.  
 Tml: a calcarenite with a clay, silt and sand matrix.  
The Sherwood Formation is extensive around the perimeter of the Western Port coastline but is 
typically absent from the study area, as the marine transgression did not submerge the western 
flanks of the basin (Figure 3-12). The formation is the lateral equivalent of the Fyansford Formation 
in the adjoining Port Phillip Basin (Holdgate and Gallagher, 2003). The Sherwood Formation is up to 
65 m thick near Koo Wee Rup in the centre of the basin where it is more sandy than elsewhere in the 
basin (Jenkin, 1962).Only minor outcrops have been identified near Flinders Island and Stoney Point 
(Spencer-Jones et al. 1975) and Bass River mouth on the eastern side of Western Port (Jenkin, 1962). 
3.2.4.5 Baxter Formation 
The Baxter Formation is a marginal to non-marine sedimentary formation deposited during the late 
Miocene. The formation consists of ferruginous conglomerates, sandstone and claystone with minor 
coal and ligneous deposits (Holdgate and Gallagher, 2003). Two members are described by Lakey 
and Tickell (1981): 
 Tb2 (upper) member: relatively coarser, comprising medium to coarse quartz sand, clay, and 
lignite. 
 Tb1 (lower) member: relatively finer grained, comprising clayey sand with intercalated 
carbonaceous clays. 
CHAPTER 3 
56 
 
The Baxter Formation typically conformably overlies the Sherwood Formation. However, in areas 
along the Tyabb coast the Sherwood Formation is absent and the Baxter Formation unconformably 
overlies the Older Volcanics. This may be related to limited subsidence and/or erosion of the 
Sherwood Formation in this area and/or lack of marine sedimentation.  
The grain size within the Baxter Formation is variable. The coarsest grained deposits are found in the 
northwest of the basin near granite outcrops which are likely the source of the sand (Jenkin, 1962), 
and along the Heath Hill Fault in the east. Grain size tends to be finer in the east of the basin which 
may be related to the source rock (e.g. Silurian siltstone) and/or lower energy fluvial environment at 
the time of deposition.   
3.2.4.6 Quaternary  
Quaternary sediments occur across Western Port Basin (Figure 3-12a) as: 
1. Pleistocene age aeolian sand deposits in thick (up to 30 m) sequences around Cranbourne in 
the west of the basin and Lang Lang in the east, where accumulation occurred against the 
Heath Hill Fault scarp (Jenkin, 1962). The sand is quartzose, medium to coarse grained and 
forms north-west to south-east aligned ridges in the Cranbourne area. This unit is called the 
Cranbourne Sand by Jenkin (1962) but this nomenclature was not universally adopted by 
later authors (e.g. Lakey and Ticknell, 1981). A thin accumulations (<1 m) also occurs on the 
basin flanks and form the sandy soil favoured by horticulturists for its friable texture and 
free drainage.  
2. Holocene alluvial and paludal clay, peaty clay and minor feldspathic sand occur across the 
central part of the Western Port Basin (Jenkin, 1962; Lakey and Tickell, 1981). Sedimentation 
occurred through complex surface water features including streams feeding Koo Wee Rup 
Swamp, the extensive wetlands of the swamp itself and the network of tidal channels within 
Western Port, all of which were affected by sea level change during this time. The deposits 
are typically less than 5 m thick (Lakey and Tickell, 1981), but have been found up to 15 m 
thick near the coast at Tooradin (Lee, 2015).   
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3.3 Hydrogeology 
The Western Port Basin has been subject to a series of hydrogeological investigations since the 
1950’s (Table 3-2). This high degree of interest has been due to the early development of the 
groundwater resource and the early identification of the risk of saline water intrusion (SRW, 2010). 
As such, the investigations have concentrated on characterising the aquifer units in the basin, the 
influence of potentiometry and groundwater flow from groundwater pumping, and the risk of saline 
intrusion. A summary of the major hydrogeological and groundwater resource investigations in the 
basin is provided in Table 3-2 and a synthesis of the hydrogeology of the basin based on these 
investigations is provided below.  
Table 3-2:  Summary of major groundwater investigations of groundwater resources in Western Port Basin. 
Reference Objective and main findings 
Threader, 1952 Groundwater resource assessment, established regional groundwater flow patterns 
Jenkin, 1962 Detailed study of geology and hydrogeology of Western Port Basin, provided highly 
detailed description of geological structure and units across the basin and aquifer 
classification.  
Thomson, 1974 Geology and Hydrogeology of Western Port; detailed description of structural setting 
Carillo-Riveria, 1975 Hydrogeology of Western Port; first detailed groundwater chemistry 
Lakey, 1980 Recharge calculations; first quantification of groundwater recharge and only recharge 
study to date that has relied on field observations and analytical techniques. 
Lakey and Tickell, 1980 Effects of channel dredging near Tyabb; assessment of channel deepening and 
identified risk of inflow of saline water from Western Port entering the aquifer system. 
Lakey and Tickell, 1981 Hydrogeological Map; detailed mapping of aquifer characteristics, regional 
groundwater flow, and groundwater salinity 
GHD, 2010 Numerical Model of basin 
Currell et al. 2013 Groundwater age dating, impacts of groundwater pumping; confirmed groundwater in 
the centre of the groundwater pumping area is very old and seasonal recovery is 
sourced from distant, undeveloped parts of the aquifer system. Evidence of modern 
recharge water in the west and east basin margins. 
Lee, 2015 Origins of saline groundwater; identified the relative contribution of salt from marine, 
rock and atmospheric sources.  
 
3.3.1 Aquifer Properties  
The Victorian Aquifer Framework (DSE, 2012b) divides and names aquifers (water bearing geological 
units) and aquitards (water restricting geological units) in a consistent manner across the State. Each 
particular aquifer or aquitard in turn consists of a geological unit specific to various locations. A 
summary of the main aquifers present in the Western Port Basin is presented in Table 3-1.  
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The Quaternary Aquifer (Cranbourne Sand) is occasionally exploited for small domestic and stock 
groundwater supplies. Salinity in this aquifer can be variable but is typically less 1,000 mg/L TDS. 
The Upper Tertiary Aquifer, the Baxter Formation, thickens to the east where it becomes a 
significant aquifer. Groundwater salinity is typically low (<1,000 mg/L) but can range up to 3,000 
mg/L and higher near the coast (Lee, 2015). 
The Upper Mid Tertiary Aquifer, the Sherwood and Yallock Formations, form a significant aquifer in 
the central part of Western Port Basin. These units are thought to be in hydraulic connection with 
the overlying Baxter Formation and are thus managed together as one unit, the Western Port Group 
(SRW, 2010). Groundwater salinity is variable in this aquifer and is particularly high near the coast. 
The Lower Tertiary Basalt Aquifer, the Older Volcanics, occurs at a depth of between 30 to 70 m 
below ground level around the Clyde area where it forms an important aquifer. Further west, the 
basalt is weathered to clay and to the east occurs deeper and is thus not typically utilised in these 
areas. The top of the basalt weathers to a heavy clay which can form a confining layer between the 
basalt and the overlying Western Port Group. Groundwater salinity in this aquifer is variable.  
The Lower Tertiary Aquifer, the Childers Formation, is often too deep across the Western Port Basin 
to have been previously utilised for water supply but where it is closer to the surface and consists of 
coarse sand and gravel, it is a potentially useful aquifer – e.g., the water supply for the town of Lang 
Lang utilizes this aquifer. Groundwater salinity is typically low (<1000 mg/L TDS).  
The Western Port Basin is underlain by Palaeozoic Siltstone and Sandstone units. While these rocks 
might be locally fractured, overall they typically have low permeability, often poor water quality and 
are not utilised as an aquifer.  
3.3.2 Groundwater Chemistry 
Groundwater chemistry has been assessed to various degrees in previous investigations in Western 
Port Basin, with the focus typically on salinity (e.g. Lakey and Tickell, 1981). Differences in the ratio 
Ca:Mg were reported by Jenkin (1962) in the Baxter and Sherwood Formations; this was considered 
to be function of the relative role of mineral dissolution in the different formations. Groundwater 
salinity is typically higher near the coast and fresher near the basin margins, but Lakey and Tickell 
(1981) described variations laterally and vertically across the basin.  Carillo-Rivera (1975) observed 
increasing salinity in some locations at the end of a drought period; however groundwater salinity 
trends are currently typically stable across the basin (e.g. SRW, 2017). 
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A detailed investigation of the source of groundwater salinity, particularly in the coastal areas of the 
basin, was conducted by Lee (2015). This study collected salinity profiles and stable isotope data and 
concluded that the salt in groundwater near the Western Port coast was due to a complex interplay 
of sea water inundation followed by transpiration and salt exclusion by halophytic vegetation. This 
study further found that the shallow sediments near the coast were low in permeability, preventing 
rapid infiltration of seawater in the event of hydraulic gradient reversal.  
3.3.3 Groundwater age 
Recent studies by Currell et al. (2013) and Lee (2015) have used radioactive isotopes to date 
groundwater in Western Port. The groundwater in the central part of the basin is old (thousands to 
tens of thousands of years based on radiocarbon activities below 10 pMC) and free of admixture 
with recent recharge (e.g., lacking in tritium). Currell et al. (2013) concluded that seasonal recovery 
of groundwater levels was due to capture of old stored groundwater and not recently recharged 
water. This contrasted with the presence of 3H in the groundwater at the basin margins (e.g. Devon 
Meadows in the west and near the Heath Hill Fault in the east) together with relatively younger 
radiocarbon activities (>70 pMC) indicating that these areas are likely sources of regional recharge 
(Currell et al. 2013).  
3.3.4 Groundwater usage 
From the 1950s agriculture expanded and changed in Western Port Basin from grazing to dairy, 
potatoes and market gardens to support the growing Melbourne population. This coincided with 
access to mud-rotary drilling technology to develop groundwater irrigation in the district. 
Groundwater development proceeded unchecked during the 1950s and 1960s (Roberts, 1985). 
However, by 1969 water levels began dropping below pump intakes (and below sea level) resulting 
in the declaration of a Groundwater Conservation Area in 1971. The total groundwater allocation 
had reached 22,000 ML by 1981 and concern began to grow as to the sustainability of the 
groundwater resource and risk of saline water intrusion (SRW, 2010). Subsequent studies and 
management plans have been developed which culminated in the declaration of the Koo Wee Rup 
Water Supply Protection Area in 2002 and institution of the Groundwater Management Plan in 2010, 
which outlines the cap on total groundwater extraction (12,915 ML/year), restrictions on use and 
rules for trading of groundwater licences (SRW, 2010). Groundwater extraction since 2010 has varied 
from 2,000 to 4,400 ML/yr (Figure 3-13) with low groundwater extraction years coinciding with high 
rainfall.   
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Figure 3-13. Licenced groundwater extraction in Western Port Basin (Source: SRW, 2017). 
 
3.3.5 Regional Groundwater Flow 
Threader (1952) completed the first comprehensive investigation of groundwater in Western Port 
Basin. This investigation was completed after the basin had undergone widespread land clearance 
and drainage of wetlands, but prior to the development of large scale groundwater extraction.  
Groundwater in the Tertiary aquifer was found to flow radially from the surrounding upland areas 
towards the Northern Arm of Western Port (Figure 3-14).  At this time, potentiometric heads in the 
central part of the basin were found to be substantially artesian, with heads of up to 3 m above 
ground level in some instances.  
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Figure 3-14. Historical potentiometric heads in the confined Tertiary aquifer system in the Western Port Basin (circa 
1950) after land clearance and wetland drainage but prior to large scale groundwater extraction (modified from 
Threader, 1952). 
 
Studies by Thomson (1974) and Carillo-Rivera (1975) suggested that groundwater discharges 
somewhere south of the coast in Western Port Bay, where the aquifer outcrops on the sea floor. 
This was further refined by Lakey and Tickell (1980), who identified deeper channels within Western 
Port as the likely location of groundwater discharge.  
Large scale groundwater pumping in the basin induces a persistent regional drawdown cone 
(Figure 3-15) which peaks at the end of the irrigation season before partial recovery during the 
winter (Lakey and Tickell, 1981; Currell et al. 2013). The impact of groundwater extraction has been 
ameliorated somewhat by a series of groundwater management initiatives including a reduction and 
capping of groundwater extraction, monitoring of water levels near the coast to trigger further limits 
on pumping if sea water intrusion risks increase, and encouraging the trade of groundwater licences 
out of the heavily pumped areas in the central area of the basin. However, a large drawdown cone 
still exists in the central part of the basin (east of Tooradin) and water levels oscillate seasonally over 
groundwater pumping cycles (Figure 3-16).  
 
(mAHD) 
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Figure 3-15. Current impact of groundwater extraction in Western Port Basin.  
Map shows potentiometric heads (mAHD) due to large scale groundwater extraction (location of licenced groundwater 
extraction bores area shown in green). The background image is a digital elevation model and the study area is marked by 
red dashed line. 
 
 
 
Figure 3-16. Historical water level data for monitoring bores screened in the Sherwood Formation (71184) and Older 
Volcanics (91075). (Source: DELWP, 2016). 
 
10 km 
Western Port 
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Historical groundwater levels in Bore 71184 (Sherwood Formation) and Bore 91075 (Older Volcanics; 
Figure 3-16), which are representative of typical hydrographs in the basin, show three general 
characteristics: 
1. Bores screened in different aquifers and, in this case, 13 km distant from one another, show 
similar seasonal and long term trends indicating pressure transmission between aquifers.  
2. Seasonal oscillations of water levels of up to 8 m occurred until around 1980 and then 
reduced in magnitude, which may be related to reduced groundwater extraction after this 
time following management initiatives.  
3. Groundwater levels fell from 1996 to 2009 due to the Millennium Drought in south-eastern 
Australia (Van Dijk et al. 2013) and subsequently recovered.   
 
3.3.6 Previous analysis of recharge in Western Port Basin 
Previous studies (e.g. Carillo-Rivera, 1975; Longley, 1978; Lakey, 1980; GHD, 2010) consistently 
identified areas of out-cropping and sub-cropping Cainozoic formations along the western and 
eastern basin margins as key locations for groundwater recharge in Western Port Basin.  Some 
studies (e.g. Jenkin, 1962) also identified areas of French Island coincident with regional faults as 
possible recharge areas (Figure 3-12). Recharge was considered to occur through a combination of 
diffuse infiltration through sand or outcropping basalt on the east and west side of the basin, and 
focussed recharge via losses from Lang Lang River and wetlands on French Island. 
This conceptual understanding of recharge in previous studies was based on the following 
characteristics of these areas: 
 relatively higher ground surface and groundwater elevation  
 lower salinity 
 outcropping or sub-cropping aquifers 
 groundwater flow direction away from these areas 
 lack of surface drainage (in the case of Cranbourne) suggesting limited run-off.  
This is broadly supported by recent groundwater age dating of groundwater (Currell et al. 2013; Lee, 
2015), which found that groundwater age increases from the basin margins to the central discharge 
area of groundwater pumping.  
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This is coupled with a conceptualisation that regional groundwater discharge occurs in the: 
 Central part of the basin (via surface discharge in the period before large scale drainage and 
via groundwater extraction in the period after large scale development of the groundwater 
resource). 
 Offshore areas, particularly in deeper tidal channels in Western Port.   
The conceptual model for recharge in the Cranbourne area based on previous studies (Figure 3-17) 
shows that under this model, diffuse infiltration of rainfall across the unconfined Quaternary sand 
and Older Volcanics occurs along the elevated basin margin near Cranbourne. Groundwater 
recharge received in this area in turn provides inter-aquifer flow to the underlying Childers 
Formation and the Baxter and Sherwood Formations, further down hydraulic gradient. 
 
Figure 3-17. Conceptual model of recharge in the Cranbourne area based on previous studies. 
Recharge occurs via diffuse infiltration of rainfall across the unconfined Quaternary sand and Older Volcanics which in turn 
provides inter-aquifer flow to the underlying Childers Formation and down hydraulic gradient to the Baxter and Sherwood 
Formations (beyond the study area). The location of the cross section is shown in Figure 3-9. 
 
Estimated recharge rates have been quantified in a number of previous studies of Western Port 
Basin (see Table 3-3). Lakey (1980) applied the water table fluctuation (WTF) method over annual 
time series data to estimate a recharge rate of approximately 2,000 ML/year in the Cranbourne area 
(65 km2). This study considered that the Older Volcanics are unconfined in this part of the basin and 
constitutes the main ‘intake’ area for groundwater recharge in the western part of Western Port 
Basin. Groundwater recharged in this area then flows east to the central part of the Western Port 
Basin and provides recharge to the adjacent Baxter, Sherwood and Yallock Formations via vertical 
leakage. Lakey (1980) estimated a total recharge of 11,500 ML/yr in the Western Port Basin, with the 
majority (7,000 ML/yr) coming from diffuse rainfall recharge but with a significant minority (4,500 
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ML/yr) from river losses, particularly the Bunyip and Lang Lang Rivers in the eastern part of the 
basin. Since then, most studies have relied on modelling approaches rather than field investigations 
to estimate recharge rates.  
Table 3-3: Summary of recharge quantification studies in Western Port Basin 
Study Method Recharge rate Comments 
Longley et al. (1978) % rainfall & numerical 
model 
100-113 mm/year near 
Cranbourne (twice the 
rate as other parts of 
basin). 
Study could not 
distinguish between 
whether recharge 
occurred via Cranbourne 
Sand or Older Volcanics 
Lakey (1980) % rainfall and seasonal 
water fluctuation 
34 mm/yr or 2,000 ML/yr 
near Cranbourne (11,500 
ML/year WPB total) 
Seasonal WTF with 
conceptual model of 
unconfined Older 
Volcanics near 
Cranbourne as recharge 
zone 
Lakey & Tickell (1981) Hydrogeological mapping Qualitative only Identifies recharge areas 
around Cranbourne and 
Lang Lang; discharge in 
Western Port 
SKM (2001) Numerical model  6,500 ML/yr total for 
Western Port Basin with 
Majority from eastern 
side of basement 
 
DSE (2011) EnSym (BioSym Module) 
- One-dimensional land-
use model 
10 -147 mm/yr  (mean of 
107 mm/yr) 
Uncalibrated but based 
on long-term rainfall 
data. 
 
Longley et al. (1978) estimated recharge as an input to their finite-difference groundwater model of 
Western Port Basin. Their initial estimate of recharge was based on the area of aquifer (particularly 
the Older Volcanics) in the Cranbourne and Lang Lang areas and applying a percentage of rainfall as 
infiltration over those areas (although no justification is provided for the infiltration rate adopted). 
The model was calibrated based on pumping and piezometric head data and modification of 
recharge rates to achieve a good calibration fit. The predicted recharge in the 45 km2 area 
immediately surrounding Cranbourne ranged from 4,400 to 5,000 ML/year, which is equivalent to 
100 to 113 mm/year of infiltration or approximately 14% of rainfall. The configuration of this model 
did not allow the differentiation of recharge coming through Cranbourne Sand or Older Volcanics. 
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More broadly, recharge rates in the Cranbourne area were predicted to be twice the rate of those 
over other parts of the basin.  
A two layer numerical model was developed by SKM in 2001 using Système Hydrologique European 
(SHE) software. Recharge was simulated by applying a uniform rainfall infiltration rate across the 
model domain and varying the vertical hydraulic conductivities to calibrate the modelled data to 
observed data. Through this process, SKM (2001) estimated that recharge was approximately 
5,800 ML/yr with the majority coming from the eastern side of the basin.  
A one-dimensional land use model was developed by DSE (2011) to calculate effects of different land 
uses on surface and groundwater budgets. The model is based on earlier work by Beverly et al. 
(2005) and Littleboy et al. (1992), in which the key inputs are daily rainfall, pan evaporation, soil 
profile, slope, plant leaf index, soil moisture content and plant density. In the case of recharge, water 
first entering the soil profile is initially determined by the model by subtracting the calculated 
surface runoff from the total daily precipitation and irrigation. Once in the soil profile, water can be 
removed by evapotranspiration, lateral flow and downward movement if field capacity of the soil is 
exceeded. Water fills up lower soil layers until it exits the soil profile and becomes drainage. 
Drainage is then partitioned into sub surface lateral flow and recharge. Recharge rates calculated by 
this method over the 65 km2 around Cranbourne range from 1 -147 mm/yr (mean of 107 mm/yr) 
based on long-term rainfall data (1958-2005). However, these calculations were not calibrated or 
checked against field data. The recharge data from this process was used as fixed input to the most 
recent numerical model of the Western Port Basin (GHD, 2010), that is, recharge was not modified 
through calibration. 
Overall, recharge estimates in the Cranbourne region estimated in previous studies have been 
moderate to high, with an average recharge rate across study area from 34 to 113 mm/yr. The 
exception is the 2-layer numerical model (SKM, 2001), which concluded that up to 90% of recharge 
in Western Port Basin comes from the eastern area. However, little field data has been used to verify 
recharge rates, with the numerical models developed relying on balancing inputs (recharge) and 
outputs (groundwater extraction and groundwater discharge) to match potentiometric head data. 
While the conclusion that recharge is arriving at the Cainozoic aquifer system from rainfall 
infiltration at the basin margins is reasonable, it remains uncertain as to how much, where and by 
what mechanism(s) recharge is occurring. As per the stated research aim of providing a detailed 
characterisation of recharge processes and rates in the study area, a suite of field-based techniques 
were used to refine estimates of recharge rates and better understand the mechanism(s) and 
locations of recharge.   
CHAPTER 4 
67 
 
4 Methods 
4.1 Monitoring bore installation 
Groundwater monitoring bores were installed during two drilling campaigns in the study area 
(Figure 4-1). The first phase of drilling was completed in January 2014 with the installation of seven 
groundwater monitoring bores at five locations (BH1, BH2, BH3S, BH3D, BH4S, BH4D and BH5). The 
locations were selected to provide spatial coverage over the study area and investigate different 
aspects of recharge in the catchment (catchment position, geology, land use, influence of a new 
constructed wetland).  
A further five groundwater bores were installed in a follow-up program in July 2016. The locations of 
these bores were selected in response to observations made from the data collected in the first part 
of the study that: 
1. Recharge rates were likely to be low at the first drilling locations and that the potential for 
higher rates of recharge remained, further west in a relatively small area along the top of the 
catchment (BH6, BH9 & BH10). 
2. Groundwater levels and electrical conductivity adjacent to the Linsell Boulevard constructed 
wetland were reacting dynamically to rainfall and required further investigation (BH7 and 
BH8).  
Nested bores, one shallow (S) and one deep (D), were established to provide insights into vertical 
hydraulic gradient and water quality characteristics in the study area. This was achieved at three 
locations; BH2 (where a deeper monitoring bore, B126975, already existed), BH3 and BH4. An 
attempt to install nested monitoring bores failed at a fourth location (BH5) due to the presence of 
artesian pressure and collapsing sand at 20 m depth. The deeper hole had to be abandoned by the 
injection of cement grout into the hole.  
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Figure 4-1. Map showing drilling locations across study area.  
Dark blue lines show sub-catchment boundaries. Background image air photograph from 2012 (source: Google) and dashed 
red area is detailed study area. 
 
Boreholes were drilled using either mud-rotary boring (with little to no additives used) or solid auger 
techniques with U-tube samples (also known as Shelby Tubes; thin walled steel tubes pushed into 
place to retrieve an undisturbed soil sample) depending on lithology, to provide accurate lithological 
samples wherever possible (Figure 4-2). Monitoring bores were constructed with 50mm nominal 
diameter class 18 uPVC casing with 3 m slotted sections screened across the target aquifer, which 
was assessed based on the lithology encountered in each bore and at the other drill sites. The annuli 
were backfilled with 1-2 mm diameter washed quartz sand filter pack to approximately 0.5 m above 
the top of the screen section and then backfilled with bentonite and cement. Monitoring bores were 
developed by a combination of manual bailing, pumping and air-lifting to remove drilling fluid from 
each bore and ensure representative groundwater samples from the aquifer (Figure 4-2). Detailed 
bore construction logs and development records are contained in Appendix A.  
1 km 
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Figure 4-2. Photographs of drilling program.  
Photographs show (a) mud-rotary drilling and (b) solid auger drilling near Linsell Boulevard constructed wetland (c) 
monitoring bore development by air-lifting with compressed air and (d) finished monitoring bores with blue covers.  
 
4.2 Estimation of Hydraulic Conductivity  
Hydraulic conductivity values were determined for the aquifer in which each monitoring bore was 
screened, using the Theis Recovery Method (Theis, 1935).  This method has the advantage over slug 
tests of testing a larger volume of aquifer surrounding the bore and is not as unduly influenced by 
bore skin effects (greater observed drawdown than predicted by Darcian flow typically caused by 
incomplete bore development). Analysis of water level recovery also has the advantage over a 
constant-rate pumping test, because recovery occurs as if a constant rate was maintained during 
pumping, while it may be difficult to maintain a true constant flow rate during the pumping test 
(Kruseman and De Ridder, 2000). The main limitation of the Theis Recovery Method in a monitoring 
(a) (b) 
(c) (d) 
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bore is achieving a sufficient flow rate for a sufficient duration to induce drawdown in the aquifer 
surrounding the bore to allow subsequent recording of recovery.   
The Theis Recovery Method is based on a number of assumptions: 
1. Groundwater flow is in a transient state. 
2. The aquifer is effectively of limitless areal extent. 
3. The piezometric surface is near horizontal prior to the test. 
4. The aquifer is homogenous, isotropic and of uniform thickness over the area tested.  
5. The aquifer is confined. 
6. The bore is fully penetrating (bore screened across the full saturated thickness of the 
aquifer).  
The first three assumptions were generally met in this study. The fourth assumption is rarely met in 
nature but pumping tests still offer the best technique for determining aquifer properties (Kruseman 
& De Ridder, 2000).  The fifth assumption was met in only three instances while the sixth assumption 
was never met in this study. Neuman (1975) showed that the Theis Recovery Method is applicable to 
unconfined aquifers but for late time recovery data when effects of elastic storage, prevalent during 
early part of recovery, have diminished. The observed drawdown data for a partially penetrating 
bore was shown by Hantush (1961) to be identical for a fully penetrating bore after early pumping 
time. That is, assumptions 5 and 6 are negated by analysis of mid to late time recovery data.  
Field testing involved first the installation of a pressure transducer to automatically record water 
levels in the bores. A submersible pump was then installed and pumped for approximately 30 
minutes at yields of up to 6 l/min. Pumping was ceased and the water level recovery measured for 
up to 60 minutes. In the case of BH6, the depth to water (approximately 22 m below ground level) 
restricted the sampling pump’s ability to extract water at a sufficient flow rate to lower the water 
level during sampling; this led to insufficient data for interpretation at this site. Qualitatively, bailing 
of water from BH6 (approximately 75 L in 40 minutes) did not change the water level substantially, 
indicating that the aquifer is at least moderately permeable at this location.  
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Water level recovery data was plotted against the log of corrected time (time since pumping 
commenced divided by time since pumping ceased). A straight line was fitted manually to the late 
time data (small values of corrected time) and the gradient of the line measured to estimate and 
solve Theis’s equation: 
   
     
      
           (   ) 
 
Where: ’∆s = residual drawdown over one log cycle of corrected time: 
 Q = average flow rate (m3/d) 
 K = hydraulic conductivity (m/d) 
 D = aquifer thickness (m). 
The results for hydraulic conductivity are presented in Section 6.3 and plots of corrected data and 
analysis are included in Appendix B.  
4.3 Groundwater sampling 
Groundwater samples were collected using a 12V submersible pump (Proactive Supertwister) which 
pumps groundwater at approximately 0.3L /min. Field parameters including electrical conductivity 
(EC), temperature, pH, and dissolved oxygen (DO) were monitored using a HACH HQ40d or YSI 556 
handheld water quality meter, and stabilisation of these parameters  was achieved prior to 
sampling. Samples were collected in HDPE bottles of various sizes (125mL, 250mL, 500mL, 1L and 2L 
bottles, depending on the chemical constituents to be tested) and filled to the top and capped 
minimise headspace and contact with air. Alkalinity titrations were performed in the field with a 
HACH digital titrator and Sulfuric acid 0.16 N/1.60 N standard solution, using Bromocresol 
Green/Methyl Red indicator powder. A range of field sampling and laboratory analysis activities are 
shown in Figure 4-3. 
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Figure 4-3. Example of sampling practices during the study.  
Photographs show (a) monitoring bore sampling (b & c) sample preparation for major ion analysis and (d) assembly of 
tipping bucket rain gauge with automatic data logger. 
 
Stable isotopes of water (δ18O and δ2H) were analysed either at the Monash University School of 
Earth, Atmosphere and Environment, using a Finnigan MAT 252 Isotope Ratio Mass Spectrometer 
(IRMS), or at the Australian Nuclear Science and Technology Organisation (ANSTO) by a Delta V 
Advantage IRMS following methods in Cendón et al. (2014). At Monash University, 18O ratios (δ18O) 
were measured by equilibrating with a He-CO2 gas mixture for between 24 to 48 hours at 32°C in a 
ThermoFinnigan Gas Bench using continuous flow. Deuterium ratios (δ2H) were measured using a 
Finnigan MAT H-Device by reduction with Cr at a temperature of 850°C. At ANSTO, Deuterium 
samples were run using an H-Device (combustion, dual-inlet IRMS method) at 900°C to produce H2 
gas from H2O, before the isotopic composition was determined relative to pure hydrogen gas. 
18O 
samples were run using an equilibration, continuous flow IRMS method where water samples are 
sealed in a vial flushed with 0.6% CO2 Helium mix, allowing equilibration and exchange between 
oxygen in water and oxygen in CO2. Results are reported against V-SMOW using δ notation in units 
of permil (‰), and are accurate to ±1‰ for δ2H and ± 0.2‰ for δ18O. 
Carbon -13 and carbon-14 analysis on dissolved inorganic carbon (DIC) was completed at Australian 
Nuclear Science and Technology Organisation (ANSTO), Lucas Heights, New South Wales and 
Istotech Laboratories, Champaign, Illinois (US). Measurements of the radiocarbon activities were 
taken on graphite targets by accelerator mass spectrometry using the ANSTO 2MV tandetron 
(a) (b) 
(c) (d) 
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accelerator STAR (Fink et al. 2004) and reported as percent Modern Carbon (pMC), with a range of 
1σ errors between ±0.03 and 0.4. Calculation of 14C ages as raw, uncorrected ages in calendar years 
before present was performed according to methods in Stuiver and Polach (1977). Analysis of 14C is 
relative to a standard (modern carbon or pM) which is equivalent to the 14C activity in 1890 before 
large-scale CO2 production from industrialisation (Clark and Fritz, 1997). Radiocarbon activities are 
reported relative to this standard as a percent modern carbon (pMC). Anthropogenic effects on 14C 
have been significant since 1890 with a 25% reduction in 14C due to production of ‘dead’ carbon in 
industrial emissions, followed by a spike in the 1960s of around 180 pMC due to atmospheric nuclear 
testing (Clark and Fritz, 1997). This means that it is possible that groundwater samples can contain 
greater than 100 pMC, and care is required when interpreting modern recharge data.  
Tritium analysis was conducted by first distilling and electrolytically enriching samples prior to 
analysis by liquid scintillation spectrometry at the National Isotope Centre, New Zealand, or at 
ANSTO. Tritium concentrations are expressed in tritium units (TU). Samples from National Isotope 
Centre have a precision of ±0.06 TU at an average tritium concentration of recent rain (4 TU), and a 
detection limit of ±0.025TU (Morgenstern and Taylor, 2009). Samples from ANSTO have 1σ 
uncertainties between 0.02 and 0.03, with a minimum quantification limit of 0.15 TU. A second 
batch of tritium samples was submitted to Isotech Laboratories (Champaign, US) in 2016. This 
analysis similarly used electrolytic enrichment but with a higher quantification limit of 1TU.  
Samples for cations were manually filtered through 0.45 µm filter paper, or with an in-line filter of 
the same pore diameter (AquaporeTM) attached to the end of the sample line from the pump, and 
acidified in the field with HNO3 solution. Major ions were analysed at La Trobe University and 
Monash University School of Earth, Atmosphere and Environment. At La Trobe University, potassium 
and sodium were analysed on a flame photometer, and chloride was analysed on a Sherwood 
Chloride Analyzer, model 926. Calcium and magnesium were analysed on an Inductively Coupled 
Plasma-Optical Emission Spectroscopy. At Monash University, major ions were analysed using an Ion 
Chromatograph and ICP-MS, following methods described in Cartwright et al. (2010). Bicarbonate 
concentrations were determined from alkalinity titrations performed in the field and data are 
precise to ±5%.  
Charge balance errors were calculated to assess the validity of major ion results, according to the 
equation:  
                     ( )  
(∑        ∑      )
(∑         ∑      )
               (   ) 
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Charge balance errors (Table 4-1) were typically less than 10% except in two instances. The CBE error 
was only slightly over 10% for the BH3D analysis in April 2014 (10.9%). However, the CBE for the BH9 
analysis in August 2016 was -23% indicating an underreporting of cations relative to anions. It is not 
known why there is a large error in this sample, although it is noted that the total ion concentration, 
as measured by electrical conductivity, was very low (Table 4-1), meaning relatively small errors in 
ion concentration could have a relatively large effect on charge imbalance.   
Table 4-1: Charge balance errors (CBE). Aquifer code is OV (Older Volcanics), wOV (weathered Older Volcanics and CF 
(Childers Formation). 
Sample ID Date Aquifer EC 
µS/cm 
CBE 
BH1 Apr-14 OV 1,943 3.2% 
BH2 Apr-14 OV 10,630 6.8% 
B126975 Apr-14 OV 9,310 6.4% 
BH3S Apr-14 wOV 601 3.8% 
BH4D Apr-14 CF 450 1.0% 
BH3D Apr-14 wOV 3,780 10.9% 
BH4D Apr-14 CF 1,100 1.7% 
BH5 Apr-14 wOV 1,490 3.8% 
BH1 Aug-16 OV 2,078 -1.9% 
BH2 Aug-16 OV 9,350 1.2% 
B126975 Aug-16 OV 9,510 1.8% 
BH3S Aug-16 wOV 460 0.4% 
BH3D Aug-16 CF 474 5.9% 
BH4S Aug-16 wOV 629 1.2% 
BH4D Aug-16 CF 1,183 1.7% 
BH5 Aug-16 wOV 1,710 -3.0% 
BH6 Aug-16 Qa 533 1.0% 
BH7 Aug-16 wOV 3,420 -2.6% 
BH8 Aug-16 wOV 3,800 -2.6% 
BH9 Aug-16 CF 348 -23.2% 
BH10 Aug-16 Sltn 540 -0.4% 
RBG12 Aug-16 Qa 170 -7.5% 
WETLAND Aug-16 - 300 0.6% 
 
Bores that were installed in 2014 were sampled twice for the suite of major ions and isotopic tracers 
described above, while bores installed in 2016 were sampled once during the study. There was little 
change (<10%) in major ion concentrations between the two sampling rounds for 7 of the 8 bores re-
sampled in 2016. In one bore, BH4S, the concentration major ions and total dissolved solids fell by 
approximately 80% and there were significant changes in the isotopic tracer results. The significance 
of these results is discussed further in Chapter 7. 
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4.4 Rainfall 
Rainfall data were collected using a tipping bucket rain gauge (TB6 manufactured by Hydrological 
Services) located at Clyde Recreation Reserve (next to BH2 and B12867) at the intersection of 
Patterson and Berwick-Cranbourne Roads, Clyde (Figure 4-6). The site was selected in the centre of 
the study area, 2 m above the ground and clear of overhead obstructions such as buildings and trees 
(Hydrological Services, 2008). Rainfall were collected as 0.2 mm events and summed to daily totals 
for the purposes of plotting data. 
Rainfall chloride data was collected using the field method described by Crosbie et al. (2012). A 
funnel was directly attached to a sample bottle near the rain gauge to collect rainfall. The sample 
bottle contained a thin layer of paraffin oil to prevent evaporation. This arrangement was inserted 
inside a plastic road marker box to protect the equipment. Samples were allowed to accumulate for 
up to one month prior to subsequent analysis of chloride concentration as described in Section 4.3. 
Further discussion of the validity of these results is provided in Section 5.3 with particular attention 
to the potential for spatial and seasonal variation in chloride concentration in rainfall.   
4.5 Water level and salinity observations 
Groundwater pressure transducers (Solinst Levelogger® and In-Situ Level Troll® non-vented data 
loggers) were deployed in 12 monitoring bores, of which 5 also logged electrical conductivity of 
groundwater. A barometric pressure logger was installed to record atmospheric air pressure in the 
study area (BH3S at Casey Fields). Loggers were initially set to record data at 15 minute intervals and 
downloaded at approximately 2 month intervals. Once downloaded, raw pressure readings where 
converted to water depth (D) by correcting for density of the water above the pressure transducer 
and barometric loading (Smith, 2012): 
  
          (     )
(
       
    
)
         (   ) 
where Pm is the raw pressure measurement in PSI, Bm is the barometric pressure measurement in 
PSI, ρsample is the density of the water in the bore column (g/cm
3), and ρH2O is the density of water at 
the average groundwater temperature measured (g/cm3). The depth to water (DtW) below the top 
of the bore casing was then calculated by subtracting the calculated depth of water (D) from the 
depth of the pressure transducer below the top of casing. All of the bores in the study were 
surveyed to Australian Height Datum (AHD) and reduced water levels were calculated by subtracting 
depth to water from the bore elevation.  The electrical conductivity loggers were periodically 
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checked against a known calibration standard to ensure reliability of readings, and measurements 
were taken as Specific Conductance (µS/cm) (EC corrected to a temperature of 25°C).  
A surface water gauge was also established in Linsell Boulevard wetland (Figure 4-4). The gauge 
consisted of a steel stake driven into the bed of the wetland attached to a PVC riser which extended 
to about 1 m above high water level. A pressure transducer and electrical conductivity logger was 
suspended from the top of the gauge within the wetland. The top of the gauge was surveyed to 
Australia Height Datum to allow direct comparison of surface water levels with groundwater levels.  
 
 
 
Figure 4-4. Photographs of surface water gauge set up in Linsell Boulevard constructed wetland.  
Photographs show (a) close up of gauging staff with suspension cable holding data logger and (b) location of gauging staff 
in the wetland. 
 
 
Relatively rapid variations in water level and electrical conductivity were observed in monitoring 
bores adjacent to the Linsell Boulevard constructed wetland, BH4S and BH4D, during the first half of 
the study. The monitoring results (obtained as described in section 4.6) were investigated further to 
ensure that these results were reliable. The first potential source of error investigated was 
infiltration of surface water down the bore annulus due to an inadequate surface seal. To eliminate 
this potential, the shallow soil around the top of the monitoring bore was dug out by shovel and 
approximately 40 kg of pelletised bentonite clay was emplaced around the top of the bore (Figure 4-
5) and watered into place to ensure good activation and sealing around the surface. Next, the 
(a) (b) 
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electrical conductivity loggers in both BH4S and BH4D were checked against calibration standards 
which showed that they were still within calibration limits.  The data loggers were then swapped 
between the two bores to eliminate the possibility that intermittent errors in one of the loggers was 
a possible source of spurious data. Finally, purging and sampling of both bores was conducted 
immediately after a large rainfall event to confirm that the salinity of the shallow groundwater was 
indeed varying by the magnitude indicated by the electrical conductivity loggers. Purging of BH4S 
and BH4D was on conducted 12 May 2016 (2 days after 29.8 mm of rainfall) and the electrical 
conductivity of groundwater from the shallow bore was consistently less than 1,000 µS/cm (much 
lower than the 3,800 µS/cm at the start of the study and consistent with the data logger results) 
while groundwater from the deep bore was 1,050 µS/cm (unchanged from the start of the study and 
consistent with the data logger results). This confirmed that the electrical conductivity logger data 
was reliable and shallow groundwater salinity was varying significantly over short periods of time.  
  
Figure 4-5. Photographs of remedial work on BH4S and BH4D.  
Photographs show (a) native soil dug out around the surface cement seal (b) placement of bentonite clay at base of surface 
cement seal to ensure integrity of surface seal. 
 
4.6 Soil Moisture 
Soil moisture arrays were established at two locations; BH2 (Clyde Recreation Reserve) and BH4 
(Linsell Boulevard constructed wetland; Figure 4-6). The soil moisture arrays consisted of 5 sensors 
placed at depths of 0.3, 0.6 0.9, 1.2 and 1.5m below ground level. A maximum depth of 1.5 m was 
the practical limit for installation of the PVC housing tube which contained the sensor array and was 
considered to likely be the most active zone for soil moisture changes as evidence of diffuse 
recharge.  
(a) (b) 
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Figure 4-6. Photographs of soil moisture probe installation.  
Photographs show (a) installation of the PVC sensor tube at Clyde Recreation Reserve with tipping bucket rain gauge visible 
in the centre of the photo and (b) the completed installation with the top of the PVC sensor tube on the right and the data 
logger housing of the left. 
 
 
EvironSCAN soil moisture probes manufactured by Sentek were used in the project. These probes 
utilise the capacitance method of estimating soil moisture. The sensors induce an electromagnetic 
field with a frequency greater than 100 MHz in the surrounding soil to measure changes in 
capacitance related to changes in soil moisture (Paltineanu & Starr, 1997). The dielectric constant 
(Ka), which is measured as a frequency (SF), of soil is proportional to the volumetric water content of 
that soil (Ɵv): 
                          (   ) 
The proportional relationship is largely independent of soil texture (Mead et al. 1998) and, at 
frequencies greater than 30 MHz and electrical conductivity less than 6,000 µS/cm, free from 
interference from soil water salinity (Paltineanu & Starr, 1997).  The universal calibration applied in 
this study has an error of 5% or better in laboratory studies (Paltineanu & Starr, 1997) which is 
considered satisfactory for monitoring relative changes in soil moisture and migration of the wetting 
front in response to rainfall, when observing groundwater recharge. Field calibration using an 
independent method is necessary where absolute volumetric water content is required (Ireson et al. 
2006).  
4.7 Data mining & integration 
Existing data were utilised from a number of sources for this project, reinterpreted and integrated 
with newly acquired data, and processed into new outputs. The primary source of data was 
Victoria’s Water Measurement Information System (DELWP, 2016) which is a repository of all of the 
State’s surface water and groundwater monitoring data. This provided additional data to gain a 
(a) (b) 
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broader regional perspective on groundwater levels and quality.  A full download of the database 
was completed on 3 March 2016. A total of 1,975 bores containing water quality information were 
identified across the Western Port Basin. This was further refined to a subset of 168 bores in and 
around the study area with groundwater salinity data (Figure 4-6) and 144 bores with at least one 
full set of major ion results. A 2 km buffer beyond the study area was applied to include some 
extension of data coverage.  
 
Figure 4 7. Location of additional data sourced from DELWP (2016).  
Locations of additional groundwater bores with data recorded in the Victorian Water Measurement Information System 
(WMIS) that were incorporated into the study (red) and bores directly installed or monitored in this study (green). 
Western Port Basin catchment boundary is marked in blue and study area marked in red. Background image is a digital 
elevation model. 
 
In some instances (29), there were data from multiple dates, in which case the most recent data 
were selected. The sampling dates ranged from 1970 to 2009 for these data, with 90% of the final 
data selected collected before 1989. The monitoring bores were assigned aquifers based primarily 
on lithological data recorded for each bore. In cases where there was no lithological data in the 
WMIS database, an aquifer was assigned based on the bore depth and location against (1) nearby 
drilling data, (2) the author’s interpretation of the local geology and (3) intersection with Victoria’s 
State-wide 3D aquifer surfaces (DSE, 2012a). Tabulated data are contained in Appendix 3. The 
database of assigned bores was then used to develop raster datasets via Kriging (a standard 
interpolation routine based on Gaussian regression) with the outputs presented in Chapter 5.   
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5 Results 
The data collected during this study largely apply to both the major areas of research undertaken; 
regional recharge processes and the interaction between new urban water management 
infrastructure (constructed wetlands) and groundwater recharge. The field investigation included 
the installation of 13 new groundwater monitoring bores, hydraulic conductivity testing, 
groundwater sampling and analysis of major ions, stable isotopes and radioactive isotopes, 
groundwater level and electrical conductivity monitoring, rainfall and surface water gauging and soil 
moisture profile monitoring. Data from existing sources were also re-interpreted and incorporated 
with newly acquired data. Therefore, this Chapter outlines the primary data and results for the 
study. Subsequently, Chapter 6 (Regional Recharge Dynamics) and Chapter 7 (Influence of 
constructed wetlands on recharge) expand upon the analysis and discussion of these results in the 
context of the major areas of research.  
5.1 Geology and updated hydrogeological conceptualisation 
The location of monitoring bores installed in 2014 and 2016 together with water table elevation 
contours are shown in Figure 5-1. Details for the bores used in this study are summarised in Table 5-
1 (detailed bore log, construction diagrams and development records are included in Appendix A). 
The drilling and observations of numerous shallow excavations currently underway across the area 
as urban development proceeds confirm that the Older Volcanics is the dominant near-surface 
geological unit in the study area (Figure 5-2). This is consistent with earlier hydrogeological mapping 
by Lakey and Tickell (1980). However, the shallow occurrence of Older Volcanics is consistently 
observed to be predominantly composed of extremely weathered clay remnants of the original rock. 
The basaltic clay is typically thick (up to 5 m in places, e.g. bore log BH1, BH2 and BH5 in Appendix 
A), dense and highly plastic. The basaltic clay is often covered by sand (the Cranbourne Sand) but 
this is typically less than 0.5 m thick (Figure 5-2a). Drill holes encountered moderately weathered to 
fresh rock from 5 m depth. Fresh or moderately weathered Volcanic rock (basalt), which would be 
expected to allow greater rates of recharge were not observed at shallow depth in any boreholes or 
excavations inspected across the study area. 
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Figure 5-1: The location of new bores installed or actively monitored for this study (blue labels) with groundwater elevation contours (mAHD) for the unconfined aquifer, as of 2016 (black 
labels used for additional point data) and the location of Figures 5-2 & 5-3 (grey labels). Background image source: Google Earth / Maps, 2016.  
A A’ 
B B’ 
5-3 
5-2a 
5-2b 
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Table 5-1: Summary of groundwater monitoring bores drilled in this study (QA = Quaternary, OV = Older Volcanics, CF = 
Childers Formation, Sltst = Siltstone, MGA = Map Grid of Australia, RL = Reduced Level). 
Name Conf/Unconf Lithology E 
(MGA) 
N  
(MGA) 
RL 
(mAHD) 
Location Drilled 
Depth 
(m) 
Screen 
(m) 
BH1 Unconfined OV 353,317 5,778,577 37.81 Railway Rd 20.5 17.5-20.5 
BH2 Unconfined OV 353,543 5,779,650 50.04 
Clyde Recreation 
Rs 
23.3 17-23 
B126975 Confined OV 353,546 5,779,654 50.30 
Clyde Recreation 
Rs 
49.0 41-49 
BH3-S Unconfined OV 351,816 5,779,491 43.16 Casey Fields 9.6 6.6-9.6 
BH3-D Confined CF 351,817 5,779,491 43.17 Casey Fields 41.4 32.1-35.1 
BH4-S Unconfined OV 353,330 5,781,427 33.10 Linsell Blvd 20.0 17.0-20.0 
BH4-D Confined CF 353,331 5,781,427 33.01 Linsell Blvd 6.0 2.0-6.0 
BH5-S Unconfined OV 350,945 5,778,369 44.95 Ballarto Rd 5.4 1.2-4.2 
BH5-D Confined CF 350,946 5,778,369 45.00 Ballarto Rd 21.0 Abandoned 
BH6 Unconfined QA/CF 349,310 5,779,363 69.96 
Cranbourne 
Racetrack 
27.0 23.5-26.5 
BH7 Unconfined OV 353,339 5,781,403 32.73 Linsell Blvd 6.5 3.5-6.5 
BH8 Unconfined OV 353,347 5,781,378 32.28 Linsell Blvd 6.5 3.5-6.5 
BH9 Confined CF 350,051 5,779,935 53.22 Carmen St 16.0 10.7-13.7 
BH10 Unconfined Sltst 349,770 5,778,357 53.30 Botanic Dv 15.0 12.0-15.0 
RBG12 Unconfined Qa 348,653 5,778,434 74.89 
Royal Botatic 
Gardens 
6.0 4.5-5.5 
 
The Older Volcanics pinch out to the southwest of the study area, broadly to the southwest of the 
intersection of South Gippsland Highway and Berwick-Cranbourne Road (Figure 5-1). This coincides 
with thick accumulations of quartzose sand along the elevated northwest ridge at the catchment 
divide. The sand is inter-bedded with clayey sand and rests unconformably on the Silurian Siltstone 
basement at a depth of 27 m at the Cranbourne Racetrack and greater than 30 m in parts of the 
Cranbourne Royal Botanic Gardens. Aeolian Quaternary Sand appears to dominate with some fine 
grained paludal sediments also present. It is unknown whether the deeper sediments lying directly 
over the Siltstone comprise Quaternary sediments or Childers Formation. They appear more likely to 
be aeolian or fresh water deposits and do not contain carbonaceous material as the Childers 
Formations does elsewhere in the study area. However, the absence of carbonaceous material may 
be due to elevated position in the depositional environment i.e. organic material preferentially 
accumulated in local depressions and was thus absent in elevated areas.  
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Figure 5-2. Subcrop of weathered Older Volcanics.  
(a) Road cutting on Pattersons Road showing 0.5 m of Cranbourne Sand overlying orange-red clay (weathered Older 
Volcanics). BH2 (right) and B126975 (left) can be seen in the background. (b) Excavation works near the corner of Berwick-
Cranbourne Road and Heather Grove showing extensive presence of dark brown clay (weathered Older Volcanics) at 
shallow depth. 
 
The Palaeozoic Siltstone subcrops across the northern boundary of the study area and was clearly 
visible in a large excavation near the intersection of Cranbourne-Berwick Road and Honour Avenue 
(see Figure 5-3). The elevation of the top of the siltstone is undulating across the study area, this is 
particularly shown by a detailed drilling program completed for the Royal Botanic Gardens in the 
1990’s (Woodward Clyde, 1997). Here, the depth to bedrock typically varies from 10 to 20 m and is 
Cranbourne 
Sand 
Clay (weathered 
Older Volcanics) 
(a) 
(b) 
CHAPTER 5 
84 
 
within 5 m of the surface along the south-eastern edge of the Botanic Gardens (Figure 6-1). Overall, 
the depth to bedrock deepens to the east with a ‘gully’ forming through the northern end of the 
Botanic Gardens into the Cranbourne Racetrack and further towards Casey Fields. The Silurian 
Siltstone outcrop to the north of the study area limits recharge in this part of the basin. 
 
 
Figure 5-3. Outcropping Palaeozoic Siltstone near the intersection of Berwick-Cranbourne Road and Honour Avenue. 
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A revised and updated conceptual model of the hydrogeology of the study area (Figure 5-4), building 
on previous work conducted in the Western Port Basin (e.g. Lakey and Tickell, 1980; Currell et al. 
2013), and incorporating the new drilling data is outlined as: 
 Older Volcanics are widespread in the central and eastern part of the study area where it 
subcrops extensively but is absent along the western margin near the catchment divide. It 
forms the water table aquifer over the majority of the study area (indicated on Figure 5-1). 
 Where the Older Volcanics unit subcrops, it is extremely weathered to clay with no rock 
fabric visible typically for at least the top 10m. Below 10m depth, the Oder Volcanics 
becomes moderately weathered to fresh basalt.  
 Along the western margin of the catchment, Quaternary sand and clays outcrop and directly 
overlie the Childers Formation or Palaeozoic Siltstone.  
 The Childers Formation occurs as a 20 m thick sequence of silt, sand and lignite, typically 
underlying the Older Volcanics.  
 Groundwater flow direction is east to south-easterly and is driven by the topographic high 
along the western margin of the catchment. The topography peaks locally at 100 mAHD in 
the Royal Botanic Gardens at the western edge of the study area.  
 Upward vertical gradients from the Childers Formation to the overlying Older Volcanics 
occur at three nested bore locations. This includes Ballarto Road, approximately 2 km east of 
the catchment divide, where artesian conditions (estimated to be approximately 1.5 m 
above ground level) were encountered in deep bore BH5D (which had to be abandoned 
during drilling). Therefore the Childers Formation aquifer is confined by the overlying Older 
Volcanics. 
 A downward vertical hydraulic gradient was encountered at one location, BH2 and B126975, 
the only nested bores that are screened in the Older Volcanics. The Older Volcanics is 
particularly thick (>49 m) at this location.  
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Figure 5-4: Cross-sections A-A’ and B-B’  which run from west to east through the central part of the study area showing 
interpreted geology and groundwater age indicators (electrical conductivity, radiocarbon activity and tritium as measured 
during 2014 and 2016). Refer to Figure 5-1 for location of cross-sections and Tables 5.3 and 5.4 for complete groundwater 
EC and radioisotope data. 
 
  
-25
0
25
50
75
100
-25
0
25
50
75
100
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
El
ev
at
io
n
 (
m
A
H
D
) 
Nominal chainage (m) 
B
H
6
 
B
H
9
 
B
H
3S
 
B
H
3D
 
B
H
2
 
B
H
12
69
75
 
533 
6 
1.93 
348 
100.8 
1.13 
601 
99.14 
2.40 
450 
14.77 
<DL 
10630 
91.07 
0.06 
9310 
82.85 
<DL 
Quaternary 
Older Volcanics 
Palaeozoic Siltstone 
Childers Formation 
A A'  
Cranbourne 
Racecourse 
Sth 
Gippsland 
Hwy 
Casey Fields 
Weathered Zone 
Clyde Rec. Rsv. 
Clyde Creek 
W
R
K
04
14
12
 
7200 
 
LEGEND 
540  =  EC (µS/cm) 
82.9 = 14C (pMC) 
1.1   = 3H (TU)  
         = vertical hydaulic 
             gradient 
-25
0
25
50
75
100
-25
0
25
50
75
100
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
El
ev
at
io
n
 (
m
A
H
D
) 
Nominal chainage (m) 
R
G
B
12
 
B
H
9
 
A
b
an
d
o
n
d
ed
 
B
H
5
 
B
H
1
 
Palaeozoic Siltstone 
Childers Formation 
Older Volcanics 
Quaternary 
Weathered Zone 
170 
85.1 
1.39 
 
540 
82.9 
<DL 
1490 
97.6 
0.72 
 
1943 
82.6 
<DL 
 
B  B' 
Royal Botanic Gardens 
Clyde 
Clyde Creek 
Sth 
Gippsland 
Hwy 
91
08
0 
220 
 
 
 
7200 
 
 
 
5800 
 
 
 
91
07
5 
14
38
41
 
LEGEND 
540  =  EC (µS/cm) 
82.9 = 14C (pMC) 
1.1   = 3H (TU)  
         = vertical hydaulic 
             gradient 
CHAPTER 5 
87 
 
5.2 Hydraulic Conductivity 
Hydraulic conductivity was estimated at 12 of the newly constructed/instrumented bores in the 
study area using the Theis Recovery Method (described in Kruseman and de Ridder, 2000) as 
outlined in Chapter 4. Recovery data and analysis for individual bores are contained in Appendix B. 
An additional 13 hydraulic conductivity estimates from previous investigations in the study area (in 
and around the Royal Botanic Gardens Cranbourne) have also been included and the results are 
presented in Table 5-2 and Figure 5-5. The depth to water in one newly installed bore (BH6) was too 
great (>20 m) to complete the test. 
Table 5-2: Hydraulic conductivity results from bores in the study area.  
Bore Stratigraphic unit K (m/d) comments 
BH2 Weathered Older Volcanics 0.006 
Theis Recovery Method, this study 
(Appendix B)  
BH5 Weathered Older Volcanics 0.02 
BH3S Weathered Older Volcanics 0.09 
BH8 Weathered Older Volcanics 0.06 
BH7 Weathered Older Volcanics 0.1 
BH4S Weathered Older Volcanics 0.15 
BH1 Older Volcanics 1.3 
BH126975 Older Volcanics 0.8 
BH4D Childers Formation 0.25 
BH9 Childers Formation 0.4 
BH3D Childers Formation 2.9 
BH10 Palaeozoic Siltstone 0.07 
BH6 Quaternary - depth to water beyond pump capacity 
RBG1 Quaternary 1.7 
source: Woodwood Clyde (1997) 
RBG2 Quaternary 4 
RBG3 Quaternary 1.1 
RBG4 Quaternary 0.8 
RBG5 Quaternary 0.8 
RBG6 Quaternary 0.01 
RBG7 Quaternary 0.1 
RBG8 Quaternary 0.01 
RBG9 Quaternary 4.6 
RBG12 Quaternary 0.015 
source: Meinhart (2003) 
RBG19 Quaternary 0.009 
RBG25 Quaternary 14.2 
RBG29 Quaternary 0.004 
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Figure 5-5: Relationship between lithology and hydraulic conductivity from field test results within the study area.  
Refer to Table 5-2 for unit descriptions. 
 
Hydraulic conductivity of the Quaternary sediments is highly variable, ranging from 0.004 to 
14 m/day. However, all but one result is either higher than 0.8 m/day or lower than 0.015 and this is 
attributed to the amount of sand at each location. Bores with higher hydraulic conductivity 
intersected sandy sediments (aeolian deposits) and bores with low hydraulic conductivity intersect 
more clayey sediments (lacustrine or palustrine deposits).  
Hydraulic conductivity of the Older Volcanics is also highly variable, ranging from 0.006 to 1.3 m/day. 
In this case, bores which are in relatively fresh basalt (BH1 and BH126975) have higher hydraulic 
conductivity value (>0.8 m/day) compared to those screened in weathered basalt, which have 
estimated hydraulic conductivities of<0.15 m/day. The measured hydraulic conductivity values of the 
Older Volcanics within the study area, particularly where it is weathered, are lower than those 
reported elsewhere in Western Port Basin (e.g. 2.9 to 11.7 m/day; Lakey and Tickell, 1980). Previous 
studies have targeted deeper unweathered Older Volcanics in which irrigation bores are screened 
and not the weathered Older Volcanics that subcrops extensively across the study area.  
Fewer results were available for the deeper stratigraphic units - Childers Formation (3) and 
Palaeozoic Siltstone (1). The hydraulic conductivity values for bores screened in the Childers 
Formation in this study were moderate, ranging from 0.25 to 2.9 m/day, which is similar to that 
reported elsewhere in Western Port Basin (3.0 to 3.7 m/day; Lakey and Tickell, 1980). The one 
hydraulic conductivity estimate for the Palaeozoic Siltstone (0.07 m/day) was relatively low, in line 
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with previous investigations, e.g., varying from 4 x 10-6 – 0.9 m/day near the Stevensons Road 
Landfill (URS, 2013), although this is generally not well constrained regionally (Tickell and Lakey, 
1980). 
5.3 Groundwater Salinity 
Groundwater salinity varies across the study area, ranging from 100 mg/L TDS near the Royal Botanic 
Gardens in the west to more than 6,380 mg/L TDS at Clyde Recreation Reserve in the central eastern 
part of the study area, with an overall median value of 680 mg/L and mean of 1,500 mg/L (Figure 5-
6).  
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Figure 5-6: Groundwater salinity (mg/L total dissolved solids) of the shallow aquifer system in the study area. New monitoring bores installed for this study are labelled and available 
data for salinity interpolation are shown as points.  The limit of the Older Volcanics as the dominant shallow aquifer is also shown (purple line). 
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Geology appears to exert a strong control over the distribution of groundwater salinity. Figure 5-7 
shows the distribution of salinity for the main aquifers in the study area based on the measured and 
compiled datasets (including historical data). The shallow Quaternary sediments contain the freshest 
water (mean salinity of 820 mg/L TDS) which is similar to the Childers Formation (mean 860 mg/L 
TDS). The salinity in the Older Volcanics and Palaeozoic Siltstone is much more variable and higher 
overall with mean values of 2,090 and 3,050 mg/L TDS respectively. 
The highest elevation parts of the study area (60 to 100 m AHD) coincide with an absence of basaltic 
clay and the occurrence of fresh groundwater (the concentration of total dissolved solids is less than 
500 mg/L over most of this area - see Figure 5-6). Groundwater at one location, BH12 in the Royal 
Botanic Gardens, has a total dissolved solids concentration of 100 mg/L, which is fresher than 
surface water found at the Linsell Boulevard Wetland (180 mg/L). Relatively fresh groundwater (less 
than 1,000 mg/L TDS) is also found in the central part of the study area within the Childers 
Formation aquifer; salinity in the Older Volcanics is generally higher than the underlying Childers 
Formation. If vertical downward leakage was a significant recharge source, then the salinity contrast 
between these two units would be expected to be lower than this.  
 
Figure 5-7: Relationship between lithology and groundwater salinity within the study area (mean values indicated). Refer to 
Table 3-5 for unit descriptions. Data from this study synthesised with data extracted and processed from DELWP (2016). 
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5.4 Major ions and physico-chemical parameters 
Major ion data from sampling conducted in this study are presented in Table 5-3 along with field 
physico-chemical parameters. Consistent with the range of groundwater salinities discussed above, 
groundwater EC varies significantly across the dataset ranging  from 170 to 10,630 µS/cm. 
Groundwater was typically slightly acidic to neutral with pH in most samples ranging from 6.4 to 7.2 
but noticeably acidic in two samples (4.8 in BH2 and 4.1 in RBG12). Dissolved oxygen was typically 
low ranging from 0.09 to 1.1 mg/L and redox potentials indicated mildly reducing to mildly oxidising 
conditions (-23 to 17 mV ORP).  
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Table 5-3: Groundwater hydrochemical data collected for this study including field parameters, major ions and stable isotopes of water. All units (except pH) are mg/L unless otherwise 
stated. Aquifer code is OV (Older Volcanics), wOV (weathered Older Volanics and CF (Childers Formation). 
Bore ID 
Date 
sample Aquifer 
EC 
(µS/cm) pH Na Mg K Ca Cl NO3  SO4  HCO3 Sr 
δ
18
O 
(‰) δ
2
H (‰) 
BH1 23-04-14 OV 1,943  6.90 242.0 85.6 2.8 46.7 520.0 8.43 14.30 222.0 0.22 -5.45 -34.10 
BH1 11-08-16 OV 2,078  6.93 234.2 71.9 2.7 43.9 547.5 11.65 16.36 189.0 0.18 -5.43 -30.97 
BH2 24-04-14 OV 10,630  4.78 1,825.0 473.4 14.0 108.4 3,800.0 2.04 31.99 19.8 3.80 -5.09 -32.90 
BH2 11-08-16 OV 9,350  5.68 1,665.1 403.2 13.3 100.0 3,798.6 5.79 37.99 16.4 3.40 -5.19 -28.87 
B126975 07-05-14 OV 9,310  6.61 1,185.0 548.0 13.0 215.7 3,300.0 7.01 39.10 46.6 4.90 -5.24 -33.23 
B 126975 11-08-16 OV 9,510  6.69 1,045.0 506.1 11.5 208.3 3,161.8 10.40 42.39 251.8 4.88 -5.33 -30.09 
BH 3S 23-04-14 wOV 601  7.25 106.0 20.3 1.3 14.0 85.0 3.20 25.44 215.0 1.00 -4.89 -31.62 
BH 3S 11-08-16 wOV   460  6.94 94.3 19.6 2.7 17.1 92.3 1.81 32.18 199.6 0.11 -5.07 -24.10 
BH 3D 23-04-14 CF   450  6.60 64.0 14.5 1.9 10.8 84.0 0.05 0.08 127.6 1.07 -5.28 -33.62 
BH 3D 11-08-16 CF  474  6.59 57.6 13.7 2.0 11.4 85.7 0.38 0.08 105.3 0.12 -5.69 -31.61 
BH 4S 23-04-14 wOV 3,780  6.42 510.0 174.5 0.3 51.4 1,000.0 0.55 16.43 176.2 1.07 -5.48 -34.81 
BH 4S 11-08-16 wOV   629  6.69 98.8 21.8 2.2 10.4 68.4 2.10 22.25 213.2 0.15 -5.17 -26.70 
BH4-D 23-04-14 CF  1,100  6.52 190.0 25.8 1.1 13.6 270.0 0.64 0.72 188.4 0.40 -5.52 -34.44 
BH 4D 11-08-16 CF 1,183  6.56 177.0 21.9 0.7 12.4 264.7 0.48 0.16 141.8 0.35 -5.64 -31.15 
BH5 24-04-14 wOV 1,490  6.42 196.0 54.5 0.8 44.2 370.0 3.34 74.13 126.9 0.46 -4.79 -30.94 
BH5 11-08-16 wOV 1,710  6.33 210.3 67.2 0.3 57.1 493.7 0.63 127.89 122.4 0.60 -4.77 -25.32 
BH6 11-08-16 QA/CF    533  4.54 72.2 12.6 2.2 7.3 109.4 9.32 45.33 20.0 0.07 -1.71 -12.08 
BH7 11-08-16 wOV 3,420  6.43 510.9 123.0 0.3 37.5 1,144.0 1.38 23.60 197.5 0.60 -5.43 -30.03 
BH8 11-08-16 wOV 3,800  6.37 552.9 107.7 0.2 23.8 1,135.3 0.96 32.34 197.4 0.48 -5.51 -30.39 
BH9 11-08-16 CF 348  4.78 45.4 8.6 1.1 0.9 91.8 10.54 5.50 15.0 0.02 -4.78 -24.54 
BH10 11-08-16 SLSTN   540  5.70 63.7 16.0 0.5 7.0 134.7 0.26 4.82 35.4 0.07 -4.58 -25.81 
RBG 12 11-08-16 QA    170  4.11 20.9 3.7 0.5 1.1 45.9 2.93 2.28 6.0 0.01 -4.63 -26.43 
WETLAND 11-08-16 - 300  6.30 41.0 9.5 4.5 16.8 57.8 5.83 29.35 69.2 0.10 -4.93 -26.20 
Rain 28-03-17 -     59  5.20 3.2 0.6 0.5 2.3 7.1 0.46 < 5 < 20 - (-5.50) (-32.00) 
Seawater (typical) - 60,000 8.00 10,556  1.3 380 400 18,890  0.50 2,694 140 13 1.00 0.00 
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The relative proportions of major anions (Cl-, SO4
-, C03
2- and HCO3
-) and cations (Ca2+, K+ , Na+ and 
Mg2+) are shown for samples collected during this study in Figure 5-8 and incorporated into the 
larger dataset from previous investigations in Figure 5-9 (these data are presented in tabular format 
in Appendix C).  Samples are colour coded by aquifer and sized by salinity (total dissolved solids) 
(Winston, 2000). 
 
Figure 5-8: Piper diagrams for groundwater samples collected for this study.  
Marker symbols are sized proportional to salinity (mg/L TDS; minimum and maximum are 83 and 6,043 in this dataset) and 
coloured by aquifer lithology. 
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Figure 5-9: Piper diagrams for groundwater samples collected for this study together with groundwater samples 
collected in the study area in previous investigations (source: DELWP, 2016).  
Marker symbols are sized proportional to salinity (mg/L TDS mg/L TDS; minimum and maximum are 49 and 7,859 in this 
dataset) and coloured by aquifer lithology. 
 
Overall, most groundwater samples are Na-Cl dominant with some samples trending towards Na-
HCO3 type. Sodium is the dominant cation (>50% in 125 of 144 samples) with some magnesium 
(generally 10 to 40% of total cations) and lower amounts of calcium (mostly less than 20% of total 
cations).  
Chloride is the dominant anion in groundwater, accounting more than 60% of total anions in 125 out 
of 144 samples. The overall concentration of chloride varies widely across the study area from less 
than 200 mg/L in the northwest near the catchment boundary to more than 2,000 mg/L in the 
central and eastern part of the study area (Figure 5-11). Bicarbonate comprises over 50% of total 
anions in 9 instances, typically bores screened in the Childers Formation and, to a lesser extent, 
Siltstone aquifers. The bicarbonate rich groundwater also tends to be low in salinity with all but 1 of 
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9 samples less than 1,000 mg/L.  Sulfate is typically low (less than 10% in 134 samples) but is up to 
20% of the total anions in the Quaternary aquifer. 
There is a lower proportion of SO4 in BH3D and BH4D (confined Childers Formation bores) compared 
to other samples indicating possible sulfate reduction at these locations. The reduction of sulfate 
may be due to methonogenesis (Clark and Fritz, 1997) which was identified as an important process 
elsewhere in the Western Port Basin (Lee, 2015) and can be caused by carbonaceous material within 
aquifer which was observed in the Childers Formation at these two locations (Appendix A).  
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Figure 5-10: The concentration of chloride in groundwater (mg/L) across the study area.   
The limit of the Older Volcanics, the dominant shallow aquifer in the area, is also shown. Data from this study synthesised with data extracted and processed from DELWP (2016). 
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A recent study (Lee, 2015) provides major ion data from 16 bores down hydraulic gradient from the 
study area, approximately 10 km to the southeast along the Western Port coast line. In this part of 
the basin, which is more likely an area of groundwater discharge, locally impacted by modern or 
palaeo-sea water intrusion, the groundwater was found to almost always be Na-Cl dominant (Lee et 
al. 2016).  
The concentration of nitrate (as NO3
- ion) varies significantly across the study area from 0.05 to 32.3 
mg/L with a median concentration of 1.0 mg/L (n = 58). An area of elevated nitrate concentration 
(>10 mg/L) occurs immediately to the east and down hydraulic gradient of the Cranbourne Race 
Track and Royal Botanic Gardens, where the water table aquifer transitions from unconsolidated 
sands into Older Volcanics (Figure 5-12).  High nitrogen fertilizers are commonly used in the area and 
may be the source of the nitrate. The concentration of nitrate is typically less than 2 mg/L in the 
eastern part of the study area where the thick layer of low permeability weathered Older Volcanics 
may limit the vertical leaching of nitrate to groundwater or allow de-nitrification in the unsaturated 
zone. 
 
Figure 5-11: The concentration of nitrate in groundwater (mg/L) across the study area.   
The limit of the Older Volcanics, the dominant shallow aquifer in the area, is also shown. 
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5.5 Radiocarbon (14C), stable isotopes of carbon (δ13C) and Tritium (3H) 
Radiocarbon (carbon-14) and tritium results (Table 5-4) provide an indication of relative ages of 
groundwater in the study area. The stable isotopes of carbon (δ13C) provide additional information 
about the source(s) and evolution of dissolved inorganic carbon in groundwater, which is important 
for interpretation of the radiocarbon data (e.g. Clark and Fritz, 1997). Tritium provides an indication 
of the presence of modern recharge (i.e. within the last 50 years) in an aquifer (Morgenstern, 2010). 
Tritium occurs at low concentrations in the atmosphere due to cosmogenic production, but nuclear 
weapons testing during the 1950’s and 1960’s boosted the natural atmospheric concentrations 
which, when dissolved by rainfall and recharging an aquifer, results in elevated tritium 
concentrations (e.g. Meredith et al. 2012).  Tritium concentrations in rainfall peaked in Australia in 
1963 at approximately 160 TU and have since declined and begun to stabilise at between 2-4 TU 
(Tadros et al. 2014). The current concentration of tritium in rainfall in Melbourne is approximately 3 
TU, which is considered predominantly natural with minimal residual effect from the 1960’s bomb 
pulse (Tadros et al. 2014). This is consistent with the limited tritium data available from pre-1950 in 
the northern hemisphere of 3.5-6.6 TU (Kaufman & Libby, 1954).  
Table 5-4: Radioistope data for groundwater samples and distance of sampling location from the Western Port Basin 
divide.  Aquifer code is OV (Older Volcanics), wOV (weathered Older Volcanics and CF (Childers Formation).  
Bore ID Sample Date Distance from 
divide (m) 
Aquifer Tritium 
(TU) 

13
C 
DIC ‰ 
14
C DIC 
pMC 
BH1 23-4-2014 2,700 OV <0.03 -11.4 82.59 
BH2 24-4-2014 2,200 OV 0.06 -19.9 91.07 
B126975 7-5-2014 2,200 OV ND -18.1 82.85 
BH3-S 23-4-2014 1,100 wOV 2.40 -18.9 99.14 
BH3-D 23-4-2014 1,100 CF <0.03 -17.1 14.77 
BH4S  23-4-2014 500 wOV <0.03 -13.1 75.50 
BH4S  11-8-2016 500 wOV 2.29 -20 98.30 
BH4-D 23-4-2014 500 CF <0.03 -13.8 29.37 
BH5 24-4-2014 2,000 wOV 0.72 -10.4 97.57 
BH6 11-8-2016 150 Qa/CF 1.93 -6.6 6.00 
BH7 11-8-2016 500 wOV <1.00 -13.9 72.80 
BH8 11-8-2016 500 wOV <1.00 -13.9 78.00 
BH9 11-8-2016 400 CF 1.13 -19 100.80 
BH10 11-8-2016 1,100 SLTSTN <1.00 -21 82.90 
RBG12 11-8-2016 0 QA  1.39 -22.7 85.10 
Wetland 11-8-2016 500 - 2.09 - - 
 
The concentration of tritium varies significantly across the study area (a map of EC, 3H and 14C results 
is shown in Figure 5-10), with 7 samples below detection limits and values ranging up to 2.40 TU, 
approaching the current average concentration of 3H in rainfall in Melbourne (Tadros et al. 2014). 
CHAPTER 5 
100 
 
The average concentration of the 8 samples with detectable concentrations of 3H is 1.50 TU. One 
surface water sample was analysed for tritium (the Linsell Boulevard constructed wetland). The 
concentration of 3H in this sample was 2.09 TU, consistent with typical modern rainfall in the region 
(Tadros et al. 2014).  
The spatial relationships between groundwater salinity and 3H concentrations (as well as 14C; Figure 
5-13) show that bores with high 3H concentration and low EC, indicative of active recharge,  are from 
unconfined aquifers within 1.1 km of the catchment divide. In the case of BH4S, located adjacent to 
the Linsell Boulevard wetland, the 3H increased and EC decreased between sampling conducted in 
2014 and 2016, indicating a change from water with minimal modern recharge to a high proportion 
of modern recharge (i.e., within the 2-year period). Reasons for this change are discussed below in 
Chapter 7. Samples with low EC and low 3H indicate that recharge is either occurring at low rates 
(such as where unconfined conditions prevail, at BH1, BH5 and BH10) or constitute pre-modern 
recharge which entered the aquifer further up hydraulic gradient (such as at BH3D and BH4D). The 
low concentration of 3H in groundwater means that 3H isn't being added to the aquifer at a rapid 
enough rate to offset the loss from decay, that is, the rate of recharge is low.  In the latter case, 
positive vertical gradients are consistent with recharge further to the west followed by horizontal 
flow to the sampled localities.  
The radiocarbon activity of samples (Table 5-4) ranges from 6.00 to 101 pMC. The lowest 
radiocarbon activity was from BH6 which is screened in the Quaternary aquifer at the edge of the 
catchment and which is otherwise considered to be located in a recharge area (the groundwater in 
this bore contains elevated 3H (1.93 TU), is fresh (EC = 533 µS/cm) and shows active response to 
rainfall events). The depth to water is much greater at this location than elsewhere in the study area 
(>20 m) and the dissolved inorganic carbon in the sample was very high (δ13C = -6.6 ‰). While it is 
not fully understood why the 14C is so low in this sample, it may be that the small amounts of 
bicarbonate available to analyse in the sample (20 mg/L) resulted in analytical error and this value is 
not representative of the aquifer. 
The variability in age tracer values for groundwater in the Older Volcanics suggests that there is both 
young and older water occurring in the aquifer. Given that the radiocarbon activity in groundwater 
from confined bores at nested sites is much lower than the unconfined bores at the same locations, 
vertical flux may be limited.  
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Figure 5-12: Distribution of 
3
H and 
14
C across the study area (repeat sampling results from BH4S shown in brackets).  
Groundwater flow direction, catchment divide and extent of the unconfined Older Volcanics aquifer are indicated as in previous maps. Groundwater EC values are shown for reference also. 
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5.6 Aquifer renewal rates 
A method presented by Le Gal La Salle et al. (2001) considered the renewal rate of an aquifer based 
on measured 3H and 14C values in groundwater. The method assumes that a small amount of 
rainwater recharge reaches the aquifer each year containing a concentration of 3H and 14C particular 
to that year, mixes with the water contained in the aquifer, and then flows away vertically or 
horizontally under steady state conditions. In subsequent years the radioactive isotopes in the 
groundwater decay at their defined rates and are added to by another small amount of rainfall 
recharge containing 3H and 14C. In this way, the concentration of 3H and 14C in groundwater sampled 
in any particular year is a result of the accumulated inputs from previous years. The vastly different 
half- lives of 3H and 14C, 12.32 and 5,730 years respectively (Clark and Fritz, 1997) mean that the 3H is 
representative of rainfall recharge received in the previous 50 years or less while 14C is 
representative of a longer time frame of up to 20,000 years (Mortegnsen et al. 2010).  
Given that the 3H in groundwater in Australia is largely from background sources (Tadros et al. 2014), 
then the theoretical concentration of 3H in groundwater in a particular year, 3Hg(i) can be calculated 
using the equation presented by Le Gal La Salle et al. (2001): 
   ( )  (    )  
 
 (   ) 
      
 
 ( )      (   ) 
Where λ is the decay constant (5.63 x 10-2 /year), 3Hp(i) is the concentration of 
3H in precipitation that 
falls in year i and Rn is the renewal rate (the amount of groundwater in the aquifer which is replaced 
each year by recharge expressed as a percentage). 
The input 3H in precipitation used in this study comes from long term monitoring by Tadros et al. 
(2014) for the years 1961 to 2011. The data for missing years (2000-2005) was interpolated using a 
logarithmic best fit. Similar to other observations in the southern hemisphere (Morgenstern et al. 
2010) it is apparent that background 3H now dominates current rainfall (as opposed to bomb-pulse 
tritium). Recent rainfall data in Melbourne suggest that concentrations of 3H in rainfall have 
stabilised at around 2.8 to 3.2 TU (C Tadros, 2017, pers. comm. 4 October). The years 2012 to 2016 
were extrapolated using the same logarithmic trend to a minimum value of 3.0 TU. The resulting 
graph of projected renewal rates for various concentrations of 3H in groundwater in 2014 and 2016 
(the two years of 3H sampling) are presented in Figure 5-14. 
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Figure 5-13: Renewal rate based on 
3
H data.  
Two lines (dashed and solid) show predicted 
3
H in groundwater sampled in two different years (2014 and 2016) at different 
renewal rates. 
 
The renewal rates based on 3H (Figure 5-14) is very low (<0.1%) for most bores screened in Older 
Volcanics (BH1, BH2, BH4S in 2014, BH7 and BH8) excluding two bores (see below) and bores 
screened in the confined Childers Formation aquifer (BH3D and BH4D). The renewal rates are also 
relatively low (up to 1%) for bores screened in the Palaeozoic Siltstone aquifer (BH10). Moderate to 
high (1 to 10%) renewal rates are indicated for bores screened in the Quaternary aquifer (BH6 & 
RBG12), a bore screened in the Childers Formation (unconfined), and two bores in the Older 
Volcanics – one with shallow water table near the catchment divide (BH3S) and another adjacent to 
the Linsell Boulevard constructed wetland, when re-sampled in 2016 (BH4S).  
The recharge rate can be directly estimated from the renewal rate (Cartwright et al. 2007) by 
incorporating the aquifer thickness (b) and porosity (n): 
                 (   ) 
There is uncertainty in recharge rates calculated in this manner because of the assumptions of 
aquifer thickness, porosity and the nature of flow and effective mixing in the aquifer, e.g., steady 
state piston flow (Cartwright et al. 2007). The aquifer thickness in most instances is well constrained 
by bore logs in this case. A porosity range of 0.1 to 0.3 is commonly used for unconsolidated 
materials such as clay and sand (Freeze and Cherry, 1979), while porosity in fractured basalt and 
siltstone is likely to be much lower (0.01-0.05). The final area of uncertainty is the relative 
component of vertical and horizontal groundwater flow and depth of effective mixing. Groundwater 
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salinity and vertical head data from nested sites indicate groundwater flow is stratified by aquifer in 
the study area with strong confining conditions characterised by large vertical hydraulic gradients 
(up to 0.1) and salinity contrast (by up to a factor 3) between the unconfined Older Volanics aquifer 
and confined Childers Formation aquifer. This observation, together with stratigraphic interpretation 
of bores logs, leads to an effective aquifer thickness (zone of mixing) of 5 – 10 m selected for each 
bore, similar to previous studies of 3H mixing (e.g. Cartwright et al. 2007). 
The recharge calculated from renewal rates according to this method is low (<2mm/year) in 10 out 
15 samples in line with the low renewal rates for these bores. The recharge rates estimated for the 
remaining higher renewal rate bores range from 16 to 55 mm/year. The recharge rate estimated for 
BH4S located next to the Linsell Boulevard constructed wetland, increased from <1mm/year in 2014 
to 25 mm/year in 2016. This increase is coincident with a rapid decrease in groundwater salinity, and 
is evidence of leakage of fresh water from the wetland to the aquifer (see Chapter 7). 
A similar approach can be taken when estimating the theoretical renewal rate of 14C in groundwater 
(Le Gal La Salle et al. 2001). This time the theoretical concentration of 14C in groundwater in a 
particular year is given by: 
    ( )  (    )  
  
 (   ) 
      
  
 ( )        (5.3) 
Where λ is the decay constant (1.21 x 10-4 /year), 14Cp(i) is the concentration of 
14C in precipitation 
that falls in year i and Rn is the renewal rate (the amount of the aquifer which is replaced each year 
by recharge as a percentage). 
Input 14C values in rainfall come from a number of sources. Unlike 3H, the concentration of 14C is 
similar in rainfall in both the southern and northern hemisphere and, because of its longer half-life, 
the effect of nuclear testing in the 1960s is still seen in elevated concentrations of 14C in recent 
rainfall (Clark and Fritz, 1997). Levin et al. (1995) reported 14C in rainfall from 1950 to 1980 while 
older values of 14C are assumed to increase from 97.5 pMC (1905) to 100 pMC (1950) due to fossil 
fuel combustion (Suess, 1971). The concentration of 14C in rainfall since 1980 was extrapolated 
assuming an exponential decrease in the same way as Cartwright et al. (2007) and Le Gal La Salle et 
al. (2001).  
The use of 14C to estimate renewal rates has an additional complexity due to the potential for old 
carbon dissolution from the aquifer matrix (Cartwright et al. 2007). The sediments and rocks in the 
western margin of Western Port do not contain significant amounts of carbonate minerals (Lakey 
and Tickell, 1980; and bore logs and field tests in this study). The application of corrections described 
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by Clark and Fritz (1997), such as chemical mass balances or alkalinity correction, are difficult 
because of the range of lithologies and uncertainty in appropriate end-member values of stable 
isotopes of dissolved inorganic carbon (δ13C values range from -6.6 to -22.7‰). Cartwright et al. 
(2007) adopted a value of 15% carbon derived from matrix dissolution for carbonate poor sediments 
and this value is also used here to provide a range of possible 14C concentrations in groundwater for 
different renewal rates.  
 
 
Figure 5-14: Renewal rate based on 
14
C data.  
Two lines show predicted 
14
C in groundwater at different renewal rates with 0% and 15% contribution of inorganic carbon 
from the aquifer matrix. 
 
The renewal rates based on 14C (Figure 5-15) are, like those based on 3H, very low (<0.15%) for bores 
screened in Older Volcanics and Palaeozoic Siltstone (BH1, BH4S in 2014, BH7, BH8, B126975 and 
BH10). Two bores screened in the confined Childers Formation aquifer (BH3D and BH4D; not 
plotted) contain low radiocarbon activity (<30 pMC), indicating that recharge to this aquifer likely 
occurred a significant period of time ago (uncorrected age of 10,000 to 15,000 ybp) with little if any 
additional recent recharge (3H <0.03TU). One bore (BH6) screened in the Quaternary aquifer at the 
edge of the catchment and which is otherwise considered to be located in a recharge area also plots 
in the low renewal rate zone on Figure 5-15. As discussed above, the radiocarbon result from this 
bore is of lower reliability and may not be representative of the aquifer more generally.  
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Low to moderate renewal rates (0.1 to 1%) are indicated in Figure 5-15 for other bores screened in 
the Older Volcanics aquifer (BH2, BH3S, BH5 and BH4S resampled in 2016), unconfined Childers 
Formation (BH9) and Quaternary aquifer (RBG12). This is similar to the range of renewal rate of 0.2-
2 % estimated by Cartwright et al. (2007) for groundwater samples from water table bores located in 
a recharge area in the Murray Basin, northwest of the study area in the state of Victoria. The 
renewal rate of BH4S based on radiocarbon again changed by an order of magnitude from 2014 to 
2016, consistent with other data indicating recharge from a leaking constructed wetland (Chapter 7).  
The relative renewal rates based on 3H and 14C calculations were plotted together to assess the 
relative degree of mixing of groundwater (Figure 5-16). Most bores with measureable 
concentrations of 3H plot near the 15% ‘dead’ carbon line suggesting the this is a reasonable 
assumption for the contribution of aquifer derived inorganic carbon in the samples. Two exceptions 
are BH6 and RBG12 which plot clearly to the left of the 15% line. In the case of BH6, as already 
discussed, there is some doubt about the validity of the 14C laboratory analysis result.  
In the case of RBG12, the discrepancy between the renewal rates based on 3H and 14C is more likely a 
result of vegetation sourced organic carbon contributing a significant amount of the carbon rather 
than matrix dissolution of carbonate or mixing with older water. The lowest δ13C was recorded at 
this location (-22.7‰) which is in line with the value of -23‰ that Clark and Fritz (1997) describe as 
typical of carbon sourced from C3 plant material rather than a value closer to 0‰ if carbonate 
dissolution was the source. If this is the case, the renewal rate calculated using 14C data for this 
location may be too low. This is further complicated by the longer lasting effects of the bomb pulse 
in 14C data; the solution to the equation is non-unique at high renewal rates. For example, a pMC of 
100 could equate to a renewal rate of either 2% of 25%, assuming 15% dead carbon (Figure 5-15). 
This would be possible for RBG12 if the contribution of dead carbon from the aquifer was higher at 
this location, for example, 20-25%.  
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Figure 5-15: Combination of 
3
H and 
14
C with the combined curves showing the predicted admixture assuming uniform 
mixing of groundwater with 0% and 15% contribution of dissolved inorganic carbon from the aquifer matrix. 
 
5.7 Stable Isotopes of water 
Stable isotopes of oxygen and hydrogen can indicate sources of salinity and water, and in particular 
the origins of groundwater from either meteoric or oceanic sources (Clark and Fritz, 1997). The 
stable isotopes of oxygen (δ18O) and hydrogen (δ2H) and the deuterium-excess from samples in this 
study are presented in Table 5-5. The groundwater δ18O and δ2H compositions ranged from -5.7 to -
1.7‰ and -35 to -24‰, respectively. The δ18O and δ2H values are shown in Figure 5-17 with 
reference to meteoric water lines. All samples plot relatively close to the Melbourne Local Meteoric 
Water Line, as defined by Hughes and Crawford (2012), indicating meteoric origin of the 
groundwater. The data collected in the two different sampling campaigns (2014 and 2016) exhibit 
similar δ18O signatures but the δ2H values were consistently higher from the 2016 sampling round. 
While the sampling rounds were conducted at slightly different times of the year (April and August 
respectively) the change in δ2H was observed in samples from the confined Childers Formation, 
which is unlikely to change seasonally given the confinement and low radiocarbon activities (see 
above). While it is not clear exactly why δ2H changed between sampling rounds, a minor instrument 
shift at the analytical laboratory is considered the most likely explanation.  
The overall trend and spread of the data are similar to recent studies examining groundwater in the 
Western Port Basin (Lee et al. 2016; Currell et al. 2013) although data in these studies tended to plot 
below the meteoric line (more consistent with the samples from the 2014 sampling round). Currell 
et al. (2013) suggest that possible reasons for the slight relative isotopic depletion of groundwaters 
relative to weighted mean Melbourne rainfall, are the more southerly position of the study area 
relative to Melbourne (where the meteoric water data are collected) and/or that the aquifers 
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contain a component of water recharged in the geologic past under somewhat different climatic 
conditions (i.e. heavier rainfall with slightly depleted isotopic compositions).  
One sample (BH6) has much higher values of δ18O (-1.7‰) and δ2H (-12‰) than the rest of the data. 
This bore is screened in a sandy aquifer (either Quaternary or Childers Formation) with a thick 
unsaturated zone (>21 m), low dissolved inorganic carbon concentration and enriched 13C (-6.6 
δ13DIC), and high Tritium (1.93 TU).  As noted above, this sample (due to contamination or other 
reason) exhibits large discrepancies with the rest of the data in a range of measured parameters and 
should probably not be considered representative of groundwater in the study area.  
Table 5-5: Stable isotopes δ
18
O and δ
2
H of groundwater samples, Deuterium excess (D-excess) and EC (μS/cm). Aquifer 
code is OV (Older Volcanics), wOV (weathered Older Volcanics and CF (Childers Formation). 
Sample ID Aquifer Year µS/cm δ
18O 
(‰) 
δ
2H (‰) D-excess Cl 
(mmol/L) 
BH1 OV 2014 1,943 -5.5 -34.1 9.50 14.67 
BH1 OV 2016 2,078 -5.4 -31.0 12.49 15.38 
BH2 OV 2014 10,630 -5.1 -32.9 7.84 107.19 
BH2 OV 2016 9,350 -5.2 -28.9 12.68 106.74 
B126975 OV 2014 9,310 -5.2 -33.2 8.70 93.09 
B126975 OV 2016 9,510 -5.3 -30.1 12.52 88.85 
BH3S wOV 2014 601 -4.9 -31.6 7.47 2.40 
BH3S wOV 2016 460 -5.1 -24.1 16.46 2.59 
BH3D CF 2014 450 -5.3 -33.6 8.61 2.37 
BH3D CF 2016 474 -5.7 -31.6 13.91 2.41 
BH4S wOV 2014 3,780 -5.5 -34.8 9.03 28.21 
BH4S wOV 2016 629 -5.2 -26.7 14.63 1.92 
BH4D CF 2014 1,100 -5.5 -34.4 9.69 7.62 
BH4D CF 2016 1,183 -5.6 -31.2 13.97 7.44 
BH5 wOV 2014 1,490 -4.8 -30.9 7.39 10.44 
BH5 wOV 2016 1,710 -4.8 -25.3 12.88 13.87 
BH6 QA/CF 2016 533 -1.7 -12.1 1.58 3.08 
BH7 wOV 2016 3,420 -5.4 -30.0 13.40 32.15 
BH8 wOV 2016 3,800 -5.5 -30.4 13.71 31.90 
BH9 CF 2016 348 -4.8 -24.5 13.67 2.58 
BH10 SLSTN 2016 540 -4.6 -25.8 10.85 3.79 
RBG12 QA  2016 170 -4.6 -26.4 10.61 1.29 
WETLAND - 2016 300 -4.9 -26.2 13.26 1.62 
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Figure 5-16: Stable isotope compositions of groundwater samples from 2014 and 2016 sampling rounds.  
Groundwater samples from the Older Volcanics in the central and coastal parts of Western Port Basin collected in 
previous studies (Lee et al. 2016 and Currell et al. 2013) together with Melbourne Local Meteoric Water Line (LMWL) 
and Global Meteoric Water Line (GMWL) are also indicated.  
 
 
The relationship between groundwater δ18O and electrical conductivity (Figure 5-17) shows 
clustering near the rainfall endmember of a theoretical fresh water-seawater mixing line (Figure 5-8; 
Herczeg and Edmunds 2000; Millero, 1996). The samples BH2 and B126975 are more saline, but 
remain similarly depleted in δ18O to the rest of the groundwater, indicating a non-marine source of 
salinity (consistent with the position of the study area away from the coastline, in contrast to the 
data reported in Lee, 2015). Enrichment of total dissolved solids (as indicated by EC) by evaporation 
would be expected to be accompanied by enrichment of δ18O as the lighter 16O is removed during 
this process (Clark and Fritz, 1997). This suggests seawater-freshwater mixing or evaporation are not 
sources of salinity in the study area, unlike closer to the coastline where marine water is evident in 
the aquifers (Lee et al. 2016). Rather, transpiration of rainfall derived solutes is considered the likely 
cause of the salinity in this groundwater, as is typical in inland areas of southeast Australia (e.g. 
Herczeg et al. 2001; Currell et al. 2015).  
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Figure 5-17: Electrical Conductivity and δ
18
O composition of groundwater samples.  
Groundwater samples from the Older Volcanics in the central and coastal parts of Western Port Basin collected in 
previous studies (Lee et al. 2016 and Currell et al. 2013) together with Melbourne weighed mean rainfall and Western 
Port seawater (Lee et al. 2016) are also shown.  
 
 
 
5.8 Rainfall 
The total rainfall for the monitoring period 23 April 2014 to 15 May 2017 (Figure 5-19 and Table 5-6) 
was 2,108 mm which equates to an annual average of 751 mm. This compares to the long term 
annual average of 783 mm from the nearby Cranbourne Bureau of Meteorology Station (No. 86244). 
That is, rainfall during the study period was, overall, similar to the long-term average. The average 
daily rainfall was 2.1 mm while the maximum daily rainfall was 42.2 mm (28 August 2015). 
Table 5-6: Summary rainfall statistics from rain gauge at Clyde Recreation Reserve. 
 
Parameter mm 
No. of days 1024 
Total rainfall 2108 
Daily average 2.1 
Monthly average 63 
Annual average 751 
Daily median 0.0 
Maximum daily 42.2 
90th percentile 6.5 
70th percentile 0.8 
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Figure 5-18: Daily rainfall totals from tipping buck rain gauge located at Clyde Recreation Reserve with 29-day 
moving average.  
 
A rainfall frequency histogram is presented in Figure 5-20. The daily median was 0 mm, that is, on 
most days no rainfall occurred. Most of the rainfall occurred during relatively infrequent events. 
More than 3 mm of rainfall per day occurred on 181 occasions totalling 1839 mm (87% of rainfall) 
and more than 10 mm per day of rainfall occurred on 66 occasions totalling 1171 mm (56% of 
rainfall). 
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Figure 5-19: Rainfall frequency histogram showing number of days with rainfall of various intensity at Clyde Recreation 
Reserve.  
 
The trend in rainfall during the study period is shown by the moving point average in Figure 5-19 (a 
29-point moving average to approximate a rolling monthly average) and the cumulative rainfall 
residual in Figure 5-21. Rainfall trend was relatively stable at the beginning of the study period but a 
drying trend was experienced between December 2014 and April 2016. This trend then changed 
sharply to a higher rainfall trend until October 2016 when it became stable for the remainder of the 
study period. Particularly dry periods characterised by 29-day moving average rainfall of 
<20 mm/month were experienced in: 
 January – March, June and December 2015 
 February 2016 
 March 2017. 
Particularly wet periods characterised by a sustained 29-day moving average rainfall of 
>80 mm/month where experienced in: 
 November 2014 
 August 2015 
 May-July and September-October 2016. 
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Figure 5-20: Cumulative rainfall residual showing deviation of mean daily rainfall (mm) at Clyde Recreation Reserve. 
 
5.9 Time series water level and electrical conductivity data 
Water level and electrical conductivity monitoring from 15 bores and 1 surface water gauge are 
summarised in Table 5-7.  
Table 5-7: Summary of water level and electrical conductivity monitoring data. ND indicates no data. 
Name Conf/Unconf Aquifer Location Depth 
(m) 
Seasonal 
WL 
amplitude 
(m) 
Short term 
WL 
fluctuations 
(m) 
Electrical 
conductivity 
trends 
BH1 Unconfined OV Railway Rd 20.5 0.3 no stable 
BH2 Unconfined OV Clyde Rec Reserve 23.0 0.4 no stable 
B126975 Confined OV Clyde Rec Reserve 49.0 0.4 no ND 
BH3-S Unconfined OV Casey Fields 9.6 0.4 up to 0.1m ND 
BH3-D Confined CF Casey Fields 41.1 0.3 no  ND 
BH4-S Unconfined OV Linsell Blvd 20.0 0.4 0.2-0.3m highly variable 
BH4-D Confined LTA Linsell Blvd 6.0 0.4 0.2m stable 
BH5 Unconfined OV Ballarto Rd 4.2 1 0.1m ND 
BH6 Unconfined QA/CF Cranbourne Racetrack 26.5 0.1 <0.1m stable 
BH7 Unconfined OV Linsell Blvd 6.5 0.6 0.1 variable 
BH8 Unconfined OV Linsell Blvd 6.5 0.2 0.1m ND 
BH9 Confined CF Carmen St 13.7 0.2 <0.1m ND 
BH10 Unconfined Sltst Botanic Dv 15.0 1 0.1 ND 
RBG12 Unconfined Qa Royal Botatic Gardens 5.5 0.6 0.1 ND 
Wetland 
surface 
water - Linsell Blvd - 0.5 0.8 variable 
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The location of hydrographs across the study area is presented in Figure 5-22. The hydrographs are 
grouped together broadly in three groups based on their location in the catchment, geochemistry 
and hydrograph response. The ‘high’ (BH5, BH9, BH10 and RBG12) and ‘low’ (BH1, BH2, B126975, 
BH3S and BH3D) recharge bores are presented and discussed in further detail in Chapter 6 (Regional 
Recharge Processes), with the other group of bores near Linsell Boulevard constructed wetland 
(BH4S, BH4D, BH7 and BH8) presented and discussed in detail in Chapter 7 (Influence of Constructed 
Wetlands on Groundwater Recharge).   
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Figure 5-21. Overview of selected hydrographs across the study area.  
Hydrographs show water table (blue) and confined aquifer (green), water levels (solid line) and, where recorded, EC (dashed line) and rainfall (orange). Vertical axis range is 3 m (water level; left), 60 mm 
(rainfall; right) and variable EC ranges. Larger scale hydrographs are presented in Chapter 6 (Fig 6-4 &6-5) & Chapter 7 (Fig 7-2). 
CHAPTER 5 
116 
 
5.10 Soil moisture monitoring 
Vertical soil moisture probes were installed at two locations in the study area; near BH4 (Linsell 
Boulevard) and BH2 (Clyde Recreation Reserve). The two locations were chosen at the start of the 
study as likely locations of groundwater recharge in the Older Volcanics as had been described in 
previous work such as Lakey and Tickell (1980). The shallow subsoil at both locations is clayey and 
derived from weathered Older Volcanics basalt. The data collected is time series electrical 
capacitance at five depth intervals from 0.3 to 1.5 m below ground surface. The electrical impedance 
is converted to soil moisture as a percentage of total saturation by as described in the Methods 
Chapter (Paltineanu & Starr, 1997). The data are considered semi-quantitative in this application and 
show relative changes in soil moisture with time at the monitored depths.  
Changes in soil moisture near BH4 (Linsell Boulevard) are shown in Figure 5-23 together with daily 
rainfall and groundwater levels in the shallow groundwater monitoring bore at the locality (BH4S). 
The soil moisture at shallow depths (0.3 m) fluctuated by approximately 5% in line with rainfall 
events and rising shallow water levels during the period from April to November 2016. Shallow soil 
moisture then began to decrease overall but with large fluctuations (20%) in response to rainfall 
events from November 2016 to February 2017. This is coincident with lower overall rainfall and 
higher summer temperatures. The soil moisture at intermediate depths (0.6 m and 0.9 m) fluctuated 
much less than at shallower depths with maximum fluctuations of up to 5% coincident with rainfall 
events. Beyond this depth however (1.2 m and 1.5 m) there were no observed short term fluctuation 
in soil moisture in response to rainfall events and only small magnitude seasonal change (2% at 1.2 
m, and 1 % at 1.5 m). The lack of change in soil moisture below 1.2m depth indicates negligible 
recharge via vertical infiltration at this locality during the monitored period 
Figure 5-22: Time series soil moisture from 5 depths adjacent Linsell Boulevard wetland. Rainfall and groundwater level 
from BH4S are also shown.  
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The change in soil moisture at the same locality is also shown in profile in Figure 5-24 for four 
recording times; before (dry) and after (wet) a rainfall event during a relatively dry period (autumn) 
and during a relatively wet period (winter). This again shows that soil moisture declines during a dry 
periods in the shallow soil (<0.9 m) but changes very little beyond 0.9 m, with an absence of the 
characteristic wetting front observed in recharge moving through the soil (Fetter, 2013).  
 
Figure 5-23: Soil moisture versus depth near Linsell Boulevard Wetland for four relatively wet and dry times during the 
study period. 
 
The overall pattern of changes in soil moisture at Clyde Recreation Reserve (located near BH2 shown 
on Figure 5-1) is similar to that observed near the Linsell Boulevard Wetland, with increases in soil 
moisture observed at shallow depths correlating with rainfall events (Figure 5-25). This clear 
response in soil moisture, unlike at Linsell Boulevard, is also observed at intermediate depths (0.6 m 
to 1.2 m). Soil moisture is observed to increase at shallow depths immediately after rainfall and then 
slowly decays in between rainfall events either though evaporation or transpiration. However, no 
response to rainfall was observed at 1.5 m depth and only minor seasonal fluctuation (2%), 
suggesting that significant drainage beyond this depth and thus potential recharge was limited.  
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Figure 5-24: Time series soil moisture from 5 depths at Clyde Recreation Reserve.Rainfall and groundwater level in BH2 
are also shown. 
 
The pattern of soil moisture changes at Clyde Recreation Reserve, with fluctuations in the shallow 
soil but stable soil moisture at depth, is further borne out in the depth profiles in Figure (5-26). The 
bulge in soil moisture observed at 1.2 m after a rainfall event in summer did not penetrate further 
below this depth, and it appears limited rainfall recharge is able to penetrate the clay soil vertically 
at this location. That is, an increase of soil water recharge reaches 1.2m depth but does not result in 
significant deep drainage beyond this depth and thus limited groundwater recharge.  
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Figure 5-25: Soil moisture versus depth at Clyde Recreation Reserve four relatively wet and dry times during the study 
period. 
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6 Regional Recharge Dynamics 
6.1 Introduction 
This chapter discusses the results which address the first research objective of providing a detailed 
characterisation of recharge processes and rates in a key area of Western Port Basin. An updated 
conceptual hydrogeological model is presented together with new insights into the distribution, 
controls and mechanisms of groundwater recharge over the study area. The role of geology in 
controlling recharge is analysed together with the relative importance of the study area in terms of 
the overall recharge in the broader Western Port Basin. 
Before investigating the impact that urbanisation may have on recharge in the study area it is 
important to understand the key mechanisms of recharge in general, including prior to extensive 
urban development. The land use in the Cranbourne region, detailed in Section 3.2, has been 
predominantly agricultural (mixed grazing and intensive irrigated horticulture) for the past 100 years 
or more. A large number of previous hydrogeological investigations in the region (e.g. Threader, 
1952; Lakey and Tickell, 1981) have described the area as a key intake/recharge zone for the 
Western Port Basin. This conceptual understanding is based on a number of observations made by 
previous authors including: 
 The study area is a relatively elevated location and lies near the surface water catchment 
divide. 
 Older Volcanics, an important and permeable aquifer across the basin, outcrop or subcrop in 
this area. 
 Groundwater salinity is low and hydraulic head relatively elevated in the study area and 
groundwater flow directions are from this area towards the central part of the basin.  
While these observations are a reasonable basis for assessing the likelihood of recharge, the 
conceptualisation of a high recharge zone via sub-cropping Older Volcanics in this part of the basin is 
challenged by data collected in this study.  
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6.2 Rates of recharge 
6.2.1 Hydrograph Response and Water-table Fluctuation Method 
Groundwater levels showed a variety of responses to rainfall events and seasonal patterns across 
the study area (Figures 6-1 and 6-2; Table 6-1). Hydrographs for bores located in the western edge of 
the study area near the catchment divide (BH5, BH9, BH10 and RBG12) are presented in Figure 6-1. 
Two of the hydrographs (BH10 and RBG12) show clear responses (sharp increase within one day) to 
rainfall events while another hydrograph (BH5) shows a seasonal but only limited short-term 
relationship between groundwater levels and rainfall.  The water level response in BH5, BH10 and 
RBG12 allowed the use of the water table fluctuation method (Healy and Cook, 2002) for estimating 
recharge. 
Hydrographs for bores located in the central part of the study area near the catchment divide 
(Figure 6-2) typically showed only limited water level changes in response to rainfall events or 
seasonal patterns. This indicates a likelihood of relatively low rates of recharge at these 
locations. The water level response in two of the bores (BH1 and BH3S) allowed some limited 
application of the water table fluctuation method for estimating recharge, but limited water 
level response or confined conditions precluded the use of this technique for BH2, B126975 
and BH3D.  
The effects of nearby groundwater pumping were observed at one location (BH3D at Casey 
Fields; Figure 6-2c) and hence use of the water table fluctuation method to estimate recharge 
was not possible. The fall in water level in BH3D of approximately 1 m from February 2016 is 
attributed to the commissioning of a nearby irrigation bore located approximately 300 m east 
of monitoring bore and pumped at approximately 3 l/sec. While the water level in BH3D 
recovered partially the vertical gradient has reversed from an upward gradient of 
approximately 0.2 to a downward gradient of 0.1. 
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Figure 6-1: Hydrographs from bores located in recharge areas show water levels reduced to Australian Height Datum (AHD), electrical conductivity (where collected), daily rainfall and cumulative 
residual rainfall.  
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Figure 6-2: Hydrographs from bores located in low recharge areas show water levels reduced to Australian Height Datum (AHD), electrical conductivity (where collected), daily rainfall and cumulative 
residual rainfall.  
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Monitoring bores that are screened across the water table and showed response(s) to rainfall 
(described above) were selected for estimating recharge, according to equation 6-1 (Healy and Cook, 
2002):  
   
       
  
           (   ) 
Where R = recharge, Sy = specific yield, ∆h change in water level and ∆t is change in time. The change 
in water level, ∆h, is that change specifically related to a rainfall event and takes into account 
underlying water level trends (e.g. natural recession).  
In the some instances (see Table 6-1), the depth of water table meant that that this technique was 
not appropriate (Healy and Cook, 2002) due the lag time between rainfall and water table response 
induced by the thick unsaturated zone. Recharge estimates at each site using the water table 
fluctuation method are presented in Table 6-1 based on bore hydrographs presented in Figures 6-1 
and 6-2.   
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Table 6-1: Estimates of recharge based on Watertable Fluctuation Method (QA = Quaternary, wOV = weathered Older 
Volcanics, NA= not applicable where aquifer is confined). 
Bore 
ID 
Lithology DtW 
(mbgl) 
WTF Comments 
mm/yr 
% 
rainfall 
BH 1 OV 6 <10 <3 
Minor seasonal response of water levels to 
rainfall but interrupted logger recording. 
Difficulty completing reliable analysis.  
BH 2 wOV 14 NA NA 
Hydrograph did not exhibit sufficient response 
to daily or seasonal rainfall. Consistent with 
soil moisture data at this location. 
BH 3S wOV 5 5-12 0.6-1.6%   
BH 4S wOV 3 80-200 10-25% 
Other data (EC, soil moisture, isotopes) 
indicate that recharge is from periodic leakage 
from new constructed wetland, not vertical 
rainfall infiltration – detailed in to Chapter 7. 
BH 5 wOV 2 12-16 1.5-2.1% Seasonal water level response to rainfall 
BH 6 QA/Childers Fm 22 40-120 5-15% 
Data reliability low due to deep water table 
and short duration time series 
BH 7 wOV 3 32-112 4 - 14% 
Clear water table response for larger rainfall 
events (>20mm), influence from nearby 
wetland from EC response 
BH 8 wOV 3 16-72 2 - 9% 
Clear water table response for larger rainfall 
events (>20mm) 
BH 9 Childers Fm 10 NA NA 
Bore is screen in Childers Formation water 
table. However, no response in water level to 
rainfall events with overlying unsaturated 
Older Volcanics acting as confining layer. 
BH 10 Siltstone 2 16-112 2 - 14% 
Clear water table response for larger rainfall 
events (>20mm) 
RBG 12 QA  2 70-133 9 - 17% Clear water table response to rainfall events.  
 
The most significant source of uncertainty in the water table fluctuation method of recharge 
estimation is the value of specific yield selected (Healy and Cook, 2002). There are some data 
regarding indicative specific yield values in the study area (e.g. Leonard, 1992) and these have been 
used in the calculations (range 0.03 to 0.12). However, the data coverage is limited and specific yield 
is a parameter that can be variable within a given lithology (Johnson, 1967). Furthermore, specific 
yield is a time dependant variable according to the degree of wetting and drainage rate. Finer 
grained sediments potentially take many years to fully drain, during which time the Sy value will 
remain temporally variable (Healy and Cook, 2002).  
The estimated recharge rates for the two bores (BH6 and RBG12) screened in the Quaternary aquifer 
are high (up to 133 mm/year). The data from the bore in the Royal Botanic Gardens (RBG12) displays 
a clear response to rainfall events and estimates for individual rainfall events are relatively consistent 
in terms of the percentage of recharge from each rainfall event. The data from Cranbourne 
Racecourse (BH6), however, show a less clear signal which may be influenced by the deep 
unsaturated zone at this location (>20 m). 
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Overall, estimated recharge using the water table fluctuation method for bores screened in the 
Older Volcanics was low (<20 mm/yr). The exceptions to this were the high estimated recharge (up 
to 200 mm/yr) for bores screened near the Linsell Boulevard constructed wetland. Of the three 
shallow monitoring bores located near the Linsell Boulevard Wetland, the estimated recharge is 
highest in the bore closest to the wetland (BH4S) and lowest in the bore furthest from the wetland 
(BH8). The soil moisture probe installed at this location showed that downward leakage of rainfall 
moisture was not responsible for short term fluctuations in water levels – hence another mechanism 
(e.g. horizontal flux) must be invoked (discussed in detail in Chapter 7).  
Only one bore was screened across the water table in each of the deeper Childers Formation (BH9) 
and Palaeozoic Siltstone (BH10) aquifers. In the case of the Childers Formation bore (BH9) the 
overlying clay (10 m of highly weathered Older Volcanics) appears to block vertical infiltration of 
rainfall with limited response in the hydrograph to rainfall.  The Siltstone bore (BH10) did show a 
response to larger rainfall events (>20 mm) and the recharge rate was estimated to range up to 
112 mm/year. However, the measured water level in this bore is around 3 m below ground level, 
while it was noted during the installation of this bore that saturated conditions were not observed 
until at least 10 m depth. It is thus unclear whether the shallow aquifer is partially confined at this 
location. The observed water level fluctuations may alternatively be a pressure response induced by 
recharge at the adjacent Royal Botanic Garden area.  
6.2.2 Chloride Mass Balance Method 
The concentration of chloride in rainfall was measured directly on 3 occasions during the study 
period (see Table 6-2). The concentration varied from 7.1 to 15.0 mg/L with mean of 11.7 mg/L. This 
compares to a long-term study completed by Crosbie et al. (2012) in which monthly rainwater quality 
samples were collected for more than four years in Melbourne and reported a weighted average of 
5.4 mg/L of chloride. The higher concentration in this study is attributed to the relative distances to 
the coast. The rain sampling station in this study was located 9 km from the coast while the 
Crosbie et al. (2012) study used data collected from a station located 20 km from Port Phillip (a 
nearly fully enclosed bay) and 70 km from the open ocean. This is line with a recent study in coastal 
area in southeast Australia (Bresciani et al. 2014) which found chloride in rainfall was around 30 
mg/L near the coast but declined in land and was approximately 16 mg/L at a distance of 7 km from 
the coast.  
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Table 6-2: Summary chloride concentration in rainfall at Clyde Recreation Reserve. 
Date Chloride (mg/L) 
March 2017 7.1 
July 2017 13.0 
August 2017 15.0 
 
The measured concentration of chloride in rainfall and groundwater were used to estimate recharge 
using the steady state chloride mass balance method (CMB) as described by Crosbie et al. (2010). 
   
       
    
       (   ) 
Where R = recharge (mm/yr), P = rainfall precipitation (mm/yr), Clp = chloride concentration in 
rainfall (mg/L) and Clgw = chloride concentration in groundwater (mg/L).  
Applied over sampled groundwater Cl concentration results from this study, the method yields a 
range of recharge values, summarised in Table 6-3. Recharge is typically moderate to high (22 to 136 
mm/yr) at bores screened in Quaternary sediments or the Childers Formation aquifer and low at 
bores screened in the Older Volcanics aquifer (typically less than 14 mm/year). The estimate of 
recharge at one bore, BH4S located adjacent to Linsell Boulevard Wetland, changed significantly 
from the start of the study (5 mm/year in 2014) to the end of the study (47 mm/year). This is 
consistent with other data presented above showing the relatively low recharge received at this 
location prior to urbanisation, and increased localised recharge due to the influence of freshwater 
leakage from the constructed wetland.  
The variation in groundwater salinity across the study area is postulated to be predominantly due to 
variations in recharge rate, groundwater flux and evapotranspiration rates, as is the case in much of 
southeast Australia (e.g., Herczeg et al. 2001; Crosbie et al. 2010). Where rainfall is able to infiltrate 
the ground relatively quickly and escape the zone of effective evapotranspiration, salts don’t become 
concentrated and the water remains relatively fresh. When the recharge rate is low, water travels 
through the effective zone of evapotranspiration over a longer period of time and allows greater 
concentration of salts in the water resulting in higher groundwater salinity. This is evidenced at the 
two soil moisture monitoring stations, both located in weathered Older Volcanics, that show that 
shallow soil moisture (<1m) rises sharply after rainfall and falls between rainfall events, while deeper 
soil moisture (>1 m) remains stable over rainfall events and seasons – consistent with loss of most 
soil moisture as ET (Figures 5-23 & 5-25).  The low hydraulic conductivity of weathered Older 
Volcanics thus limits the flux of groundwater through the system below the vadose zone. This, 
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coupled with the historical cover of large Eucalypt species (e.g. River Red Gums) with high 
evapotranspiration potential over much of the study area, results in the accumulation of salts in 
groundwater with limited opportunity for flushing to occur.  
Relatively fresh groundwater (less than 1,000 mg/L TDS) is also found in the central part of the study 
area but this tends to be contained in the confined Childers Formation aquifer (Table 5-3). The 
overlying Older Volcanics typically exhibit significantly higher salinity (Figure 5-7). This vertical 
distribution of salinity also suggests that downward vertical leakage from the Older Volcanics is not 
responsible for recharging the Childers Formation aquifer – consistent with hydraulic gradient data 
(see chapter 5). Rather, it appears that groundwater in the Childers Formation aquifer is recharged 
by horizontal flow of water from geographically elevated areas of relatively high recharge rate (and 
hence low TDS and chloride concentrations). 
Table 6-3: Estimates of recharge based on Chloride Mass Balance (CMB) (QA = Quaternary, wOV = weathered Older 
Volcanics). 
Bore ID Lithology DtW (mbgl) CMB recharge 
mm/yr % rainfall 
BH 2 wOV 14 1.5 0.2% 
B 126975 OV 15 1.8 0.2% 
BH 7 wOV 3 4.8 0.6% 
BH 8 wOV 3 4.9 0.6% 
BH4S (2014) wOV 3 5.1 0.7% 
BH 1 OV 6 11.3 1.3% 
BH 5 wOV 2 14.1 1.4% 
BH 4D Childers Fm 3 22.1 2.7% 
BH 10 Siltstone 2 41.1 5.3% 
BH3-S wOV 5 47.4 4.5% 
BH 6 QA/Childers Fm 22 50.6 6.5% 
BH 9 Childers Fm 10 60.3 7.7% 
BH 4S (2016) wOV 3 80.9 10.4% 
RBG 12 QA  2 120.7 15.5% 
BH 3D Childers Fm 6 135.9 8.3% 
 
The CMB method was further applied to existing historical data from across the study area (n = 162) 
to improve the spatial coverage of the recharge estimates (Figure 6-3). The rate of recharge appears 
to be strongly correlated to the extent of the weathered Older Volcanics with recharge less than 50 
mm/year in areas covered by Older Volcanics and less than 10 mm/year beyond 2 km of the limit of 
the Older Volcanics subcrop. Beyond the eastern limit of Older Volcanics where Quaternary and 
Childers Formation sediments outcrop or subcrop, recharge rates are much higher (>50 mm/year). 
Indeed, the rate of recharge is greater than 100 mm/year in a relatively restricted area extending 
east from Trig Point in Royal Botanic Gardens to the southern end of Cranbourne Racetrack and 
termination at the start of the Older Volcanics subcrop. In these areas of higher recharge, 
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approximately 48% of total estimated recharge over the mapped area falls over just 15% land 
surface (the area where recharge is > 50 mm/year) with 20% recharge over just 3% of land surface 
(the area where recharge is 100 mm/year).  
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Figure 6-3: Estimates of recharge (mm/yr) across the study area based on chloride mass balance.  The limit of the Older Volcanics, the dominant shallow aquifer, is also shown. 
CHAPTER 6 
131 
 
A comparison of the recharge rates estimated by the Chloride Mass Balance and Water Table 
Fluctuation methods is presented in Figure 6-4. There is positive correlation (linear least squares 
regression R2 = 0.60) between the two methods if the data from the shallow bores near the Linsell 
Boulevard constructed wetland are excluded. The recharge estimated based on the WTF method is 
much higher than the CMB method for these bores; this is attributed to the influence on the newly 
constructed wetland on water levels which is not reflected in the chloride concentration as yet. The 
exception is the estimate based on CMB at BH4S in 2016, which is similar to that estimated based on 
the WTF method. Recharge dynamics at the wetland are discussed further in detail in Chapter 7.  
 
Figure 6-4: Comparison of recharge estimate by the Chloride Mass Balance (CMB) and Water Table Fluctuation (WTF) 
methods. The correlation between the two sets of estimates is also provided excluding bores located near Linsell 
Boulevard constructed wetland.  
 
Overall, the aquifer renewal rates calculated in Section 5.6 based on 3H and 14C concentrations are 
broadly consistent with the recharge rates calculated based on CMB (Figure 6-5) and WTF methods. 
In the case of confined aquifers (BH3D and BH4D) the renewal rate was lower than the recharge rate 
based on CMB method and this is due to the overall long residence time of groundwater in this 
aquifer (e.g., Figure 5-4). Hence, the confined aquifer was recharged relatively quickly, leading to low 
chloride concentration, but this occurred a long period of time ago (and thus there has been 
significant decay of 3H of 14C). Conversely, the renewal rate for some bores screened in unconfined 
Older Volcanics aquifers (e.g. BH1, BH7 and BH8) was higher than the calculated recharge rates, and 
this is attributed to chloride enrichment caused by slow flow rates (low hydraulic conductivity) and 
evapotranspiration.  
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Figure 6-5: Comparison of recharge estimate by the Chloride Mass Balance (CMB) method and renewal rate based on 
3
H.  
 
Overall, the rates of recharge in the study area, prior to extensive urban development are spatially 
highly variable, ranging from relatively low rates (<10mm/year) in the east to high rates 
(>200mm/yr) in the west (Figure 6-9). These rates are largely controlled by geology and in particular 
the occurrence and thickness of weathered basaltic clay (see section 6.3, below). Across a large part 
of the study area where the overlying basaltic clay limits rainfall infiltration, recharge rates vary from 
1 to 50 mm/year (decreasing from west to east) which represents less than 6% of annual rainfall.  
A raster layer of recharge (Figure 6-3) was integrated over the study area to estimate the total 
volume of recharge using grid maths in ArcGIS. The same approach was also used to estimate the 
volume of recharge over specific areas of moderate to low recharge (<50 mm/yr) and moderate to 
high recharge (>50 mm/yr) along the 50 mm/yr recharge contour.  Integrated over an area of 40 km2 
the total rainfall recharge for the area is approximately 410±105 ML/year. (In fact most of the 
central and eastern area (30 km2) receives only low amounts of recharge (<10 mm/year) yielding 
210±52 ML/year). In the western part of the catchment where the basaltic clay is absent, recharge 
rates range from 50 to 200 mm/year. Integrating the recharge rate over this area (approximately 11 
km2) yields a total recharge of approximately 1,100±260 ML/year. That is, 73% of recharge of in the 
study area falls over 24% of the land area.  
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by geology (see Figure 6-6). There is strong evidence, such us upward vertical head gradients, salinity 
distribution and environmental tracer concentrations (e.g., chloride, tritium and radiocarbon), that 
the occurrence of clay derived from highly weathered Older Volcanics across a substantial part of 
the study area acts as a confining layer and inhibits the vertical infiltration of rainfall recharge. Rates 
of recharge, as calculated by the Chloride Mass Balance method, shown in Figures 6-3 correlate 
inversely with the presence of the Older Volcanics Clay. That is, where clay is present, recharge rates 
are relatively low (maximum of 50 mm/yr but mostly <10 mm/yr) and where the clay is absent, 
recharge rates are moderate to high (50-200 mm/year).  
 
 
Figure 6-6: The relationship between radiocarbon activity and (a) EC and (b) distance from the Royal Botanic Gardens, 
which is on the surface water catchment divide and highest point in the study area. 
 * indicates unreliable data. Aquifer lithology of each sample is indicated in the legend.  
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The relationship between lithology, 3H and salinity is shown in Figure 6-7. The concentration of 3H 
coincides with low salinity groundwater (i.e. a moderate negative correlation between 3H and 
salinity, R2=0.35). These two parameters are in turn controlled by the rates of recharge; high rates of 
3H in groundwater require rainfall from less than 50 years ago to renew decaying 3H in groundwater. 
Rapid flushing of salts (e.g. via high recharge rates) from the sub-soil that are prone to concentration 
by evapotranspiration (section 6.2.2) are also required to maintain low salinity groundwater.  This 
pattern is consistent with the low salinity and high 3H values in the elevated western area of the 
basin (Figure 5-13) and high salinity and absence of 3H in the basaltic clay areas where recharge rates 
are estimated to be lower based on independent techniques (chloride mass balance and water table 
fluctuation – see Section 6.2.1 and 6.2.2 in this chapter).  
 
Figure 6-7: The relationship between groundwater salinity and 
3
H.  
Aquifer lithology of each sample is indicated in the legend.  
 
The 14C distribution, compared with 3H, is more variable in the unconfined aquifers (Quaternary Sand 
and Older Volcanics). Bores such as RBG12 (Quaternary Sand) and BH9 (unconfined Childers 
Formation) have both high 3H (1.1 -1.4 TU) and 14C activities (85-101 pMC).  On the other hand, 
bores such as BH1 and BH2 (Older Volcanics) have similar 14C concentrations (83-91 pMC) yet no 
detectable 3H. A possible explanation is the mixing of water in the aquifer of different ages. 
Radiocarbon (and other age tracers) provide an indication of the Mean Residence Time (MRT) of 
water sampled at a given locality; importantly it must be understood that this ‘mean’ value gives no 
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indication of the degree of spread of tracer concentrations or residence times of the individual water 
molecules in a sample (Cartwright et al. 2017). Hence, it is possible to observe measurable 3H but 
also obtain a ‘pre modern’ residence time from the radiocarbon data (e.g. <~90pMC) because of 
mixing between a component of recent recharge, and older water in the aquifer at that location. 
Matrix or ‘dead’ carbon effects also need to be considered (as discussed in section 5.6). 
The relationship between salinity and 3H in the confined parts of the Childers Formation aquifer 
reflects similar processes but on a longer timescale. In this case, the groundwater is typically of low 
salinity (EC < 700 µS/cm) but also contains no measurable 3H. The simplest explanation is that when 
recharge first entered the groundwater system it traversed the unsaturated 
zone/evapotranspiration zone quickly, such that salt was not able to accumulate in the water. 
However, this recharge occurred some time ago (much more than 60 years) and has since resided in 
the aquifer for a considerable time before reaching the sampled point, losing 3H due to radioactive 
decay.  This interpretation is consistent with the relatively low renewal rates observed in 
groundwater from this formation. 
Upward vertical hydraulic gradients were observed at three of the four nested bore locations over 
the monitoring period of this study (e.g. Figure 6-2c). At the three locations with upward hydraulic 
gradients the water table aquifer is contained in the Older Volcanics with a confined aquifer 
contained in the underlying Childers Formation. The persistent upward vertical hydraulic gradient 
indicates that groundwater is held under pressure within the Childers Formation where it underlies 
(clayey) Older Volcanics and provides further evidence of the limited capacity for vertical leakage. 
Lakey and Tickell (1981) postulated that the top of weathered Older Volcanics could act as a 
confining layer further south-east in the basin where the Older Volcanics is overlain by Sherwood 
and Yallock Formations but did not consider that this property of the Older Volcanics influenced 
groundwater recharge where they outcrop.  
At a fourth location, Clyde Recreation Reserve, both of the nested bores are screened in the Older 
Volcanics. At this location downward vertical gradients were observed (Figure 6-2b) but this also 
coincided with anomalously high salinity (>6,000 mg/L TDS) in both BH2 and B126975. Vertical 
downwards leakage through the unsaturated zone, and thus direct recharge, is possible at this 
location. However the high salinity suggests that the rate of recharge is slow and evapotranspiration 
processes have concentrated salts in the recharging water, supported by the low renewal rate 
(Section 5.6) and low recharge rate derived from CMB (Section 6.2) at this location. 
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6.3.2 Topography and recharge 
Topography, both regional and local, provides an additional influence on recharge. The 
concentration of 14C, EC and distance from the Royal Botanic Gardens - the topographic high in the 
study area - are shown in Figure 6-6. In Section 6.2 it was shown that recharge rates are higher near 
the catchment divide in the west part of the study area. This is further borne out by groundwater 
ages increasing with distance from the Royal Botanic Gardens (Figure 6-7). However, distance from 
the divide or groundwater age does not always dictate groundwater salinity. Bores such as BH2 and 
BH8, both screened in Older Volcanics, have relatively high 14C (78-91 pMC) but also high EC (3,800 -
10,600 µS/cm) while BH3D and BH4D, both in confined Childers Formation, have very low 14C (15-
29 pMC) but low EC (450 and 629 µS/cm).  These data confirm the dominant role played by the time 
water spends in the shallow sub-soil during recharge (i.e., recharge rate) in controlling groundwater 
salinity, as opposed to residence time in the aquifer.  
Based on these data, groundwater can be grouped as either: 
1. Low salinity, high 3H, high 14C indicative of high recharge rates that occurred recently 
(Quaternary sediments). 
2. Low salinity, low 3H, low 14C indicative of high recharge rates that occurred a considerable 
period of time ago (Childers Formation)  
3. Moderate to high salinity, low to moderate 3H, moderate to high 14C indicative of low 
recharge rates that occurred recently (Older Volcanics). 
 
The 3H and 14C data in this study are consistent with other recent studies in the Western Port Basin 
by Currell et al. (2013) and Lee (2015). Currell et al. (2013) found quantifiable 3H in only one bore out 
of 15 sampled and 14C decreasing with depth and distance from the basin margin, concluding that 
groundwater pumping in the centre of the basin was accessing old water, with recharge likely to 
occur at basin margins, particularly the eastern side.  Lee (2015) targeted the coastal area and 
similarly found little 3H, and 14C activities ranging from 1 to 70 pMC. This study shows that on the 
western margin of the basin, the Older Volcanics restricts diffuse recharge to zones where volcanic 
clay is absent or thin. 
Two exceptions exist to this overall pattern. Firstly, at Casey Fields, the groundwater in the shallow 
Older Volcanics is relatively fresh (around 500 mg/L TDS) and the estimated recharge rate is up to 
47 mm/year. Equally, the concentration of 14C (99.14 pMC) and 3H (2.40 TU) are high indicating 
significant recharge via vertical infiltration. An explanation is the relatively thin layer of clay over 
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fresh basalt at this locality; here the clay is less than 2 m thick before the basalt rock fabric was 
observable in drill samples (see Bore log BH3S, Appendix A). Beyond a depth of 2 m the basalt 
became highly weathered and drilling fluid loss was noted in the drill logs suggesting the shallow 
basalt in the unsaturated zoned is at least moderately permeable. It was also noted that standing 
water is common in this area. An open grassed area approximately 100 m from the bore was 
observed to contain permanent standing water for at least three months (June-August 2016) as 
shown in Figure 6-8. This suggests that if localised topographic depressions allow water to pond on 
the surface for an extended period time, and the clay is not restrictively thick, recharge into the 
Older Volcanics is possible.   
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Figure 6-8. Standing water observed near BH3S at Casey Fields after rain. 
 
The other exception is the estimated recharge rate of 60 mm/year (based on CMB) for BH9, near the 
corner of Carmen and Sladen Street (Figure 6-1). This bore is screened in the Childers Formation but 
there is nearly 10 m of unsaturated weathered basalt overlying the aquifer. The water level in the 
bore is at the same level as top of the saturated zone encountered during drilling i.e. the water in 
the Childers Formation does not appear to be confined by the overlying Older Volcanics.  
Furthermore, the concentrations of 14C (100.8 pMC) and 3H (1.1 TU) are high indicating that active 
recharge does occur at or near this location, although the water level in the bore did not respond to 
rainfall events (Figure 6-2).  This bore is located close to the top of the catchment and the Older 
Volcanics pinches out approximately 200 m away. This suggests that recharge likely occurs nearby 
where the clay is absent, and then arrives at the bore relatively rapidly by horizontal flow.  
Overall, there is a lack of evidence for focussed recharge sources (e.g. losing surface water bodies) 
across the study area under pre-urbanisation conditions (with one exclusion discussed in Chapter 7). 
There are no significant permanent waterways in the study area, limiting the possible amount of 
stream leakage as a point source of recharge. The nearest permanent waterway is Cardinia Creek to 
the east of the study area and outside the area examined (see Figure 3-1). Loss from Cardinia Creek 
could provide point source recharge further downstream from the study area, although the creek 
traverses mainly Silurian Siltstone and weathered Older Volcanics geology, which have been seen 
above to have low hydraulic conductivities and recharge potential.  
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6.4 New conceptual understanding of regional recharge processes 
Based on the data collected and analysed in this study, the new conceptual model of groundwater 
recharge and flow in the western part of the Western Port Basin can be described as follows and 
presented in Figure 6-9: 
 Rainfall on the elevated sandy areas along the western catchment divide hits the soil and 
some of the water makes its way into the soil and vertically infiltrates the unsaturated zone 
to reach the water table as recharge.  
 Groundwater flows from west to east, driven by the topographic slope and, to some degree, 
undulations in the underlying Silurian Siltstone.  
 The Childers Formation is either present in the upland areas or is laterally connected to the 
sand allowing groundwater to continue to flow from west to east into the centre of Western 
Port Basin.  
 Rainfall on the basaltic clay does not readily penetrate the clay and infiltrate vertically 
through the unsaturated zone beyond about 1 m. Rainfall provides soil moisture recharge, 
which is subsequently mostly taken up by the evapotranspiration process. In these areas 
recharge rates to the water table are low (<50 mm/year and mostly <10mm/year).  
 
Figure 6-9. Conceptual hydrogeological cross section from west to east from Royal Botanic Gardens to Clyde Creek.  
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 A combination of evapotranspiration and low recharge rates results in the occurrence of 
elevated salinity in parts of the basaltic clay/Older Volcanics aquifer. This is reflected by 
elevated chloride concentrations and groundwater salinity. 
 Upward vertical hydraulic gradients from the Childers Formation to the Older Volcanics 
indicate that the Childers Formation is potentially recharging the Older Volcanics aquifer and 
not vice versa, and this may continue to occur further to the east in the central part of the 
Western Port Basin.   
 Overall, the study area is a source of recharge for Western Port Basin but at lower volumes 
and more spatially restricted than previously estimated. It may be that recharge is 
asymmetric in the basin, supporting previous studies (SKM, 2001; Currell et al. 2013) that 
postulated that larger amounts of recharge from the eastern flanks of the basin may be 
contributing the majority of groundwater recharge.  
The recharge processes and/or volumes estimated in this current study vary significantly from that 
which have been previously described (e.g. Longley, 1978; Lakey 1980). The recharge over the entire 
44 km2 of both sand and basaltic clay parts of the study area is 1,510±365 ML/year. The closest 
previous estimate of recharge was 2,000 ML/yr by Lakey (1980). However, the mechanism and 
spatial distribution of recharge described in that estimate were much different. Lakey assumed that 
the rate of recharge was relatively uniform across the Cranbourne area and the out-cropping Older 
Volcanics acted as an intake zone. This study suggests that in contrast, recharge is highly variable 
across the Cranbourne area and the Older Volcanics are heavily weathered to clay where it outcrops 
and restrict recharge. Rather, the majority of recharge takes place along a relatively small area along 
the catchment divide where the Older Volcanics is absent. 
Two other previous estimates of recharge by Longley (1978) and DSE (2011) were higher; 4,400 and 
4,710 ML/year respectively.  Longley (1978), like Lakey (1980), assumed that the Older Volcanics 
were permeable where they outcropped and formed a significant source of recharge, hence applying 
a high rate of rainfall recharge over this area as a fixed input to a numerical model. There was also a 
common assumption in these two studies that downward vertical hydraulic gradients existed 
throughout the Cranbourne area, not the upward vertical hydraulic gradients observed over the 
central and eastern parts of the area in this study. The clearest example of this is at Ballarto Road 
where a deep bore BH5D was abandoned due to high artesian pressure (>2 m) at a drilled depth of 
15 m into the Childers Formation with approximately 8 m of overlying basaltic clay. 
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The reasons for the higher estimate made by DSE (2011) are more complex. As detailed in 
Section 3.3.6, DSE used a one dimensional model (Ensym) to estimate recharge by first estimating 
the proportion of rainfall that enters the soil profile and then calculating the rate the water is 
removed by evapotranspiration, lateral flow and downward movement, with the remaining amount 
of soil moisture becoming recharge. This approach is not capable of considering observations such as 
vertical hydraulic gradients, salinity distribution, environmental tracers, soil hydraulic conductivity (it 
does consider soil type) or temporal water level response to rainfall, all of which have been used in 
this current study to constrain the estimate of recharge volume. Thus, the recharge rates predicted 
by the Ensym model over the sandy, upland part of the study area were similar (90-120 mm/year) 
but were much higher over the central and western part (90-125 mm/year).  
One numerical modelling study of recharge of Western Port Basin (SKM, 2001) did conclude that 
recharge was dominantly from the eastern side of the Basin and estimated a much lower volume of 
recharge in the Cranbourne area (<500 ML/year). The modelling study balanced heads against 
pumping and hydraulic conductivity of the aquifer and found that only a relatively small volume of 
water can arrive at the water table in the western part of Western Port Basin otherwise 
groundwater heads would start rising, but observation data showed they were stable. However, no 
explanation is provided about what might be driving this process, the conceptual hydrogeological 
model required to produce this result or why it differed so much from previous estimates. It does 
appear though by whatever means the recharge volume estimated by the modelling study is similar 
to the conclusion reached by this study regarding the volume recharge coming in the aquifer in this 
part of Western Port Basin.  
6.5 Implications for water resource and land use planners  
One of the key drivers for this study was the concern of Melbourne Water, as the Catchment 
Management Authority in this area, that the extensive construction associated with urban 
subdivisions would mean that an area which ordinarily receives significant recharge and replenishes 
the Western Port groundwater system, could potentially have the amount and/or quality of this 
recharge severely restricted as a result. This would then have the potential to cause negative 
downstream effects such as limiting the volume of groundwater available for extraction by 
horticulturalists and potentially reduce fresh groundwater discharge to surface water bodies such as 
creeks, wetlands and even Western Port Bay, further downstream in the catchment.  
The area scheduled for, and currently undergoing urban development largely coincides with areas 
covered by basaltic clay (see Figure 6-10). The previous section described how areas of basaltic clay 
have a tendency to restrict vertical infiltration of rainfall thus limiting recharge; contrary to the pre-
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existing conceptual model (i.e. that the area of exposed Older Volcanics is an important recharge 
area). The area that does appear to be far more important for diffuse/rainfall recharge is the 
elevated western catchment divide in the area of Royal Botanic Gardens and Cranbourne Racetrack, 
where the basaltic clay is absent and moderate levels of recharge (50-200 mm/year) do occur (73% 
of recharge occurs over 24% of the land area). This area, covering approximately 450 Ha, is Crown 
Land not subject to plans for residential suburban development. Therefore, the ongoing land use 
change in the region from agricultural to residential (largely further north in the catchment) is 
unlikely to cause significant reductions in recharge volume to the Western Port Basin (from diffuse 
rainfall recharge). This is because it is clear from the multiple lines of evidence presented here that 
the area subject to development was likely one of limited recharge in the first place.   
The lack of evidence for significant rates of diffuse recharge in the urban development areas should 
however be seen in the context of evidence in the following chapter (7) regarding the emerging 
importance of focussed recharge.  
 
 
Figure 6-10. Schematic view looking east across the study area showing the location of the high and low recharge areas 
in the catchment relative to the Urban Growth Area.  
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7 Influence of constructed wetlands on groundwater recharge 
Worldwide, in catchments experiencing urban growth, constructed wetlands are one of the most 
important strategies used to manage stormwater runoff (e.g. Gupta, 2010). These wetlands, along 
with the stormwater network channelling runoff to them, modify the landscape (e.g. soils in the 
immediate area) and hydrology, and thus have the potential to significantly impact on groundwater 
recharge mechanism, locations and rates (e.g. USGS, 2015).However, as yet there are few studies 
documenting how constructed wetlands in urbanising catchments impact on groundwater recharge, 
and generally a lack of data collected from shallow aquifers adjacent to constructed wetlands, 
particularly covering periods in which these wetlands come into operation as part of land-use 
conversion from agricultural to urban land. 
This aspect of the study sought to address this knowledge gap by examining one particular 
constructed wetland located near the margins of the Western Port Basin in detail, using physical and 
chemical indicators, following large-scale conversion of the surrounding catchment to residential 
land. The aim was to determine whether and to what degree the wetland and the associated 
hydrological changes involved influenced groundwater recharge mechanisms and rates. 
The findings have wider implications for the study area, as they provide evidence of how these 
wetlands affect groundwater recharge, and may be expected to do so elsewhere in the basin. They 
are also of significance globally, providing insight into hydrological processes in areas where 
constructed wetlands are used as a stormwater management technique, particularly in areas where 
urbanisation is occurring above zones of potential or actual groundwater recharge.  
7.1 Linsell Boulevard Constructed Wetland 
A constructed wetland adjacent to Linsell Boulevard, Clyde North, was commissioned and built from 
2012-2013 during the early stages of this study (see Figure 7-1). The wetland is 600 m long and up to 
350 m wide and collects stormwater from the surrounding newly constructed urban subdivisions, 
before discharging to Clyde Creek to the southeast. The wetland is located approximately 0.5 km 
from the surface water catchment divide but approximately 5 km northwest of the high recharge 
zone described in Section 6.3. The geology at the location consists of approximately 7m of clay 
(highly weathered Older Volcanics) overlying silt and sand (Childers Formation).  
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Figure 7-1: The evolution of Linsell Boulevard Wetland.  
In 2006 the site was open grazing land with a small drain running west to east across the site (the outline of the wetland is 
shown in blue). In 2010, initial ponds exist along the southern part of the wetland to manage additional stormwater flow 
from construction work across the subdivision. In 2015, the wetland is complete with residential subdivision to the north 
and west of the wetland also complete (the location of monitoring bores and wetland gauge are also marked). See Figure 
3-8 for location. Source: Google Earth (2017). 
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This constructed wetland was selected for closer scrutiny as it was commissioned during the period 
of this study and provided the opportunity to closely examine the interaction between surface water 
and groundwater recharge from new urban stormwater infrastructure. Field data was targeted to 
provide critical insights into the mechanisms of recharge at this location in the early stages of the 
construction and filling of the wetland and the changes that have occurred in the years since the 
wetland was commissioned. During this time residential construction has proceeded, and increasing 
flows of stormwater have been reaching the wetland. Below, the key data which indicate changes in 
recharge mechanism and/or rates in response to these increasing flows (which are typical in 
urbanising catchments) are presented and discussed, firstly as observed during the pre-filling/early 
filling phase, and then during a period in which regular filling of the wetland became established as 
the new hydrological regime was established (beginning in mid-2014 continuing through to early 
2017 when data collection ceased). 
Instrumentation at this location initially included a pair of nested monitoring bores installed 
approximately 20 m south of the wetland and screened in the unconfined weathered Older 
Volcanics (BH4S) and in the confined Childers Formation (BH4D). It became apparent during the 
study that water levels and electrical conductivity were dynamic at this location and additional 
monitoring bores were installed in the unconfined weathered Older Volcanics at 45 m (BH7) and 90 
m (BH8) south of the wetland in line with BH4S and a surface water gauge in the wetland itself to 
further investigate groundwater dynamics.  Hydrographs for groundwater monitoring bores near the 
wetland for the full monitoring period are shown in Figure 7-2 with a sub-period shown from June to 
July 2016 in Figure 7-3. 
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Figure 7-2: Hydrographs from bores located near the Linsell Boulevard constructed wetland showing water levels reduced to Australian Height Datum (AHD), electrical conductivity (where collected), 
daily rainfall. 
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Figure 7-3: Water level and EC response in Linsell Boulevard constructed wetland and adjacent nested monitoring bores.   
 
7.1.1 Pre-filling phase  
The wetland was commissioned in early 2013 (final landscaping was completed prior to installation 
of BH4S and BH4D in January 2014). The data collected from groundwater monitoring bores and soil 
moisture probes adjacent to the wetland show that initially during the early phase, recharge 
processes were consistent with those observed elsewhere in the study area on weathered Older 
Volcanics geology, before significant urbanisation. Low recharge rates (5 mm/yr) were indicated by 
the Chloride Mass Balance method when applied to the data collected in 2014 (Table 6-3).  Prior to 
the wetland undergoing consistent filling with stormwater after rainfall, the following observations 
were also made:  
 Groundwater in the shallow basaltic clay (Older Volcanics) aquifer was significantly more 
saline (~2,500 mg/L TDS) than the underlying Childers Formation aquifer (~700 mg/L TDS). 
 The hydraulic head in the shallow basaltic clay (Older Volcanics) aquifer was lower than in 
the underlying Childers Formation aquifer (there was an upward vertical gradient of 
approximately 0.03), likely to preclude or significantly reduce the potential for direct 
recharge. 
 Soil moisture data indicated that soil moisture at shallow depths (<0.9m) increased rapidly in 
response to rainfall events; however, at depths greater than 0.9m there was little response 
to rainfall events or indeed seasonal conditions (Refer to Figure 5-23). The lack of soil 
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moisture change below this depth indicates that much of the rainfall infiltrating the top 
layers of soil is subject to loss via evapotranspiration rather than drainage to the water table.  
 The concentration of 14C was relatively low (~75 pMC) and 3H was below the detection limit 
in the shallow basaltic clay aquifer (BH4S). The concentration of 14C was much lower again in 
the deeper Childers Formation aquifer (29.4 pMC) and the concentration of 3H was also 
below the detection limit. 
This leads to the conclusion that little to no recharge was occurring through the basaltic clay (Older 
Volcanics) at this location under pre-urban development conditions. The recharge rate estimated at 
the other shallow bores next to the wetland (BH7 and BH8) using Chloride Mass Balance was 
approximately 1 mm a year; consistent with the relatively low 14C (72 – 78 pMC; the equivalent of a 
median groundwater age of approximately 2,300 years) and absence of 3H indicating an absence of 
any significant modern (e.g. post 1950s) recharge.  
The higher piezometric head in the underlying Childers Formation, the much lower salinity and much 
greater average groundwater age (9,840 ybp based on a 14C of 29.4 pMC) are also consistent with 
the newly developed conceptual hydrogeological model for the area (see section 6-4). That is, the 
Childers Formation aquifer appears not to be recharged at or near this location (despite proximity to 
the surface water drainage divide) but rather from elsewhere; based on the piezometric contours for 
this aquifer together with the groundwater age data, this is likely to be a recharge area to the west 
of the site.  
7.1.2 Regular Wetland Filling Phase (2013-2016) 
The constructed wetland began filling with water channelled from the surrounded new residential 
subdivision to manage stormwater flows during 2013. Monitoring data over 2.5 years (June 2014 to 
December 2016), as the housing developments were completed in the area and the wetland was 
regularly filled with stormwater flows, showed a number of critical changes impacting the 
groundwater system.  
The data show that the water levels in the wetland, shallow aquifer and deep aquifer adjacent to the 
wetland all responded positively to rainfall events. The water level in the wetland and deep 
monitoring bore (BH4D) rose immediately after each rainfall event. For example, the rainfall event 
on 6 July 2016 (21 mm) resulted in an immediate rise of 1.0 m and 0.4 m in the wetland and 
confined aquifer (BH4D) respectively (Figure 7-3). However, the water level in the shallow 
monitoring bore located 25 m from the wetland edge (BH4S) did not peak until nearly two day later, 
with a rise of 0.4 m (the arrangement of monitoring points is shown in Figure 7-1 and Figure 7-6).  
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The relationship between the magnitude of rainfall events and resulting water levels in the wetland 
and adjacent monitoring bores is shown in Figure 7-4. Rainfall events over approximately 5 mm 
appear to provide a critical threshold for filling of the wetland and rise of groundwater levels. As can 
be seen in Figure 7-4, the water level in the wetland rises in lineal relationship with rainfall at a rate 
of approximately 1:30. That is, 1mm of rain produces a rise in wetland water level of approximately 
30 mm. The groundwater levels show a similar but lower magnitude pattern, with the ratio of 
rainfall to water rise approximately 1:10. It was observed that even though the water level in the 
shallow monitoring bore (BH4S) took longer than the deeper bore (BH4D) to respond to rainfall 
events the magnitude of the water level rise was ultimately similar in the two bores. The relationship 
between rainfall and water level rise starts to break down during high rainfall events (>25 mm) when 
the wetland water level reaches the outfall level (0.9 m) and starts to empty via surface drainage. 
That is, additional rainfall doesn’t result in a similar rise in water levels as the wetland starts to 
overflow into Clyde Creek.  
 
Figure 7-4: Relationship between magnitude of rainfall event and rise in groundwater and wetland water levels.  
 
Despite water levels in the deeper aquifer responding to rainfall and filling and emptying of the 
constructed wetland, groundwater salinity did not change during the study period and an upward 
vertical gradient was maintained on average. The observed water level fluctuations in the deeper 
aquifer are therefore likely to be due to pressure loading effects from the overlying wetland rather 
than infiltration of new water into the deeper aquifer. This pressure response, as opposed to 
groundwater flux, is further supported by the timing of the observed water level rises, which 
occurred almost immediately after water levels rose in the overlying wetland. In contrast the water 
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level rises in the shallow aquifer lagged by up to 2 days; more consistent with an actual flux of 
recharge to this aquifer. This is consistent with the propagation of a pressure wave through the 
deeper aquifer, which occurs much faster than the time it takes for groundwater to physically move 
through the aquifer (Harrington and Cook, 2011).  
The phenomenon of pressure loading of a confined aquifer has been described by Barnett (2008) 
where declining water levels in an unconfined aquifer in drying conditions led to a fall in piezometric 
pressure in the underlying confined aquifer, without directly causing a leakage flux out of the 
aquifer. Robson and Webb (2016) also recently analysed water level, salinity and environmental 
tracers through time in a similar manner to this study, to distinguish the effect of hydraulic loading 
as distinct from propagation of a plume of recharge via lake leakage. That study examined the 
scenario of a lake used to dispose of saline surface water, and found that saline water infiltrated the 
shallow unconfined aquifer to a distance of around 165 m from the lakes edge, but also produced a 
synchronous pressure loading effect on the confined aquifer over a much wider geographic extent, 
which (like this study) was not associated with any change in water chemistry or tracer 
concentrations.  In both instances, the response in the confined aquifer can be explained by pressure 
loading without the need for any changes in groundwater flux.   
In contrast to the similarity in deep and shallow groundwater levels following rainfall, groundwater 
salinity showed vastly different responses. Groundwater electrical conductivity did not vary 
significantly in the deep bore over the course of the full monitoring period (Figure 7-2d). The 
groundwater salinity in the shallow bore, however, showed a strong inverse correlation between 
rainfall events and salinity. That is, after a rainfall event the salinity in the shallow groundwater 
typically dropped from approximately 3,500 µS/cm to around 800 µS/cm or less, depending on the 
magnitude of the rainfall event (Figure 7-2a & 7-5). The shallow groundwater salinity was then 
observed to return to the approximate starting groundwater salinity of around 3,500 µS/cm early in 
the monitoring period (Figure 7-2a) but this return to starting conditions took much longer (typically 
~30 days) than the water level recovery to pre-rainfall levels.  
Over time during the monitored period (2014 through 2016), the ‘return period’ back to pre-rainfall 
groundwater EC in the shallow monitoring bore adjacent to the wetland began to take longer and 
become less pronounced through time. The ebbing and flowing of shallow groundwater salinity 
between higher and lower values (following rainfall and wetland filling events) continued until 
around May 2016 when the shallow groundwater salinity appeared to remain low (consistently less 
than 1,300 µS/cm) even in between rainfall events (Figure 7-2a). Since this time, the salinity of 
shallow groundwater (in bore 4S) has varied only slightly, between about 500 to 1,300 µS/cm, but 
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has remained much fresher overall than prior to the regular filling of the adjacent wetland with 
stormwater flows (e.g. section 7.1.1 above). It is hypothesised (see section 7.2 below) that this 
change from an erratic groundwater salinity pattern over time to a steady, fresh salinity in the 
groundwater is a direct reflection of a change in recharge mechanism, resulting from a new recharge 
and flow regime – namely horizontal subsurface flow of water from the wetland into the shallow 
aquifer – in response to the regular filling of the constructed wetland.   
The relationship between the relative horizontal hydraulic gradient between the wetland and 
shallow groundwater (BH4S) and the EC of shallow groundwater (BH4S) is shown in Figure 7-5. The 
start of the monitoring period until March 2016 shows a strong negative gradient (water flow from 
the aquifer to the wetland) following a filling/emptying event coinciding with a strong increase in 
shallow groundwater salinity (indicating flux from the aquifer back towards the wetland). From 
March 2016 however, the hydraulic gradient fluctuated from positive to negative on a regular basis 
(slightly more positive than negative) and this coincides with a persistent decrease in shallow 
groundwater salinity from May 2016 onwards. 
 
 
Figure 7-5: Changes in horizontal hydraulic gradient between shallow groundwater (BH4S) and the adjacent constructed 
wetland and relationship to changes in shallow groundwater salinity.  
Groundwater flow away from the wetland is indicated by positive gradient and flow towards the wetland is indicated by a 
negative gradient. The persistent negative gradient in January-February 2016 is accompanied by a rise in groundwater 
salinity which is then reversed temporarily in March 2016 and more permanently after April 2016. 
 
Two groundwater monitoring bores, BH7 and BH8, installed at slightly greater distances from the 
wetland (50 m and 75 m, respectively) did not respond to rainfall events in the same way that the 
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closer bores BH4S and BH4D did (Figure 6-10). During the period November 2016 to May 2017 the 
water levels in BH7 and BH8 rose only modestly in response to rainfall events; around 0.05 m of rise 
after rainfall events of >30mm/day compared to 0.30 m rises in BH4S & BH4D. Overall, the water 
level during this period fell by approximately 0.5 m in BH7 and remained stable in BH8. These data 
put a constraint on the spatial extent of the hypothesised change in recharge and flow mechanism 
described above. No time series EC data are available from BH8 (interval sampling indicated stable 
EC) while the EC in BH7 rose slightly during this period from 3,500 to 4,000 µS/cm.  
7.1.3 Evidence from environmental tracers for new recharge regime 
The concentrations of environmental tracers, including 3H, 14C and stable isotopes of water (18O, 2H) 
are consistent with the above interpretation of the patterns observed in shallow groundwater 
salinity at the site (see Table 7-1); namely, that the regular filling of the wetland with stormwater 
runoff has resulted in a new input of recharge (via horizontal flux) into the shallow aquifer. The 3H 
and 14C values in shallow groundwater (BH4S) increased from <0.1 TU and 75.5 pMC in May 2014 to 
98.3 pMC and 2.29 TU in August 2016 in conjunction with the decrease in groundwater salinity 
described above. By comparison the electrical conductivity of the wetland was 300-480 µS/cm and 
the concentration of 3H in August 2016 was 2.09 TU; closely resembling the values recorded in 
shallow groundwater (Table 7.1). These data indicate that recent recharge water now exists in the 
shallow aquifer where in 2014 it did not – placing a direct time constraint on the new recharge 
source/mechanism (i.e., within a 2.5 year period). Likewise, the stable isotopic compositions of 
groundwater in BH4S underwent a change between 2014 and 2016, reaching a composition closer to 
that observed in the wetland in conjunction with the changes in salinity and radio-isotope 
concentrations (Table 7-1). 
On the other hand, the concentrations of 14C and 3H in the two shallow groundwater monitoring 
bores further away from the wetland (72.8 to 78.0 pMC and below laboratory detection limits in BH7 
and BH8 respectively) are similar to the starting water quality in the shallow monitoring bore (BH4S) 
adjacent to the wetland (e.g., in 2014). This indicates that the while the shallow groundwater within 
25m of the wetland changed substantially during the study period through input of new recharge 
water, no indication of a change in recharge mechanism/source was observed at 50m from the 
wetland.  
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Table 7-1: Changes in shallow groundwater hydrochemical/isotope indicators before and after filling of constructed 
wetland.  
Parameter BH4S prior to 
filling 
BH7, 2 years 
after filling 
BH8, 2 years 
after filling 
BH4S, 2 years 
after filling 
Wetland 
surface water 
EC (µS/cm) 3800 3420 3800 600 300-480 
3
H (TU) <DL <DL <DL 2.29 2.09 
14
C (pMC) 75.5 72.8 78.0 98.3 Not sampled 
NO3 (mg/L) 3.2 1.4 1.0 1.8 5.8 
δ
18
O, δ
2
H 
(‰ VSMOW) 
-5.5, -35 -5.4,-30 -5.5, -30 -5.2, -27 -4.9, -26 
 
As shown by the data summarised in Table 7-1, the shallow groundwater near the constructed 
wetland has thus become chemically and isotopically similar to the water in the wetland itself in 
response to regular filling of the wetland since its construction. This indicates the formation of a 
‘plume’ of fresh recharge entering the shallow aquifer via flow from the wetland. The shallow 
groundwater further away from wetland and the deeper bore adjacent to the wetland have not 
experienced significant changes in these parameters, thus providing a constraint on the maximum 
extent of the plume of recharge that has resulted to date.  
7.2 Conceptual Model for Surface Water – Groundwater Interaction of Linsell Boulevard 
Constructed Wetland  
The data collected in this study show that low salinity water from the Linsell Boulevard wetland is 
infiltrating the shallow Older Volcanics aquifer by horizontal flow (see Figure 7-6) displacing the 
relatively old, saline water with new, young recharge (see Table 7-1) into the groundwater system. 
The process of ebbing and flowing of a freshwater plume during the initial stages of wetland 
construction and filling, followed by permanent displacement of the initial groundwater with the 
new recharge source from the wetland, is illustrated by the temporal evolution of a number of types 
of data (Figure 7-6) as described above and below.  
The initial construction and filling of the wetland made three important changes to the system. 
Firstly, the construction of the wetland involved the excavation of up to 4 m of basaltic clay 
removing a low permeability barrier to infiltration, bringing surface water into direct contact with 
groundwater in the water table aquifer. The second change was the permanent vertical loading of 
water on top of the groundwater system which allowed the ground surrounding the wetland to be 
permanently saturated and applying a vertical load to the underlying confined Childers Formation 
(evident in the water level response to filling events). Finally, rainfall events and subsequent filling of 
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the wetland raised the water level in the wetland and induced a lateral hydraulic gradient away from 
the wetland, providing a driving hydraulic force to move water from the wetland into the aquifer.  
These changes are summarised below in Figure 7-6, which presents a conceptual model that 
reconciles the observed changes in water salinity, levels, soil moisture and environmental tracer 
concentrations. Essentially, the data demonstrate that this wetland constitutes a new source of 
‘focussed’ (point source) recharge within a region of previously little or negligible recharge. Figure 7-
7 summarises the evolution of the site and emergence of the new recharge mechanism through time 
in conjunction with urbanisation and the associated regular filling of the wetland with stormwater 
runoff.  
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Figure 7-6: The development of the freshwater plume near Linsell Boulevard Wetland.  
(a) Initially shallow groundwater next to the wetland was brackish and chemically similar to shallow groundwater further afield. (b) Initially filling of the wetland causes a pulse freshwater to push into 
BH4S. (c) As the water level in the wetland falls and water flows back towards the wetland the freshwater plume shrinks. (d) Finally the freshwater plume stabilises more than 25 m away from the 
wetland even during low water levels and the water chemistry in BH4S is similar to the wetland. 
(a) 
(b) 
(c) 
(d) 
Pre-filling Phase 
Early Filling Phase 
Early Emptying Phase 
New Prevailing Conditions 
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Figure 7-7:. Summary of the development of the constructed wetland at Linsell Boulevard and effect on nearby 
groundwater.  
 
During the first two years of operation, the wetland appeared to exert a ‘push-pull’ effect on 
groundwater in the shallow aquifer, evident in dynamically falling and rising groundwater salinity 
through time (Figure 7-7). As the wetland filled after a rainfall event the hydraulic head became 
typically higher in the wetland compared to the shallow aquifer (Figure 7-6a). This drove the lateral 
infiltration of fresh water from the wetland into the aquifer and resulted in raised water levels and 
decreased salinity in the shallow aquifer (Figure 7-7b). Soil moisture data (Figure 5-23) confirms that 
Predevelopment 
(<2012) 
•Surrounding land use predominantly agricultural. 
•Site of future wetland a drainage line feeding Clyde Creek and intermittently 
contains water. 
Early Development 
2013-2014 
•Construction of wetland begins, up to 4m  low permeability clay is removed, 
wetland excavated to below the watertable.  
•Low density housing developed near the wetland, stormwater directed to the 
new wetland. 
•Initial groundwater sampling indicates that shallow groundwater is brackish 
and  recharge rates are low. 
Wetland Filling 
2014-2016 
• Repeated filling and emptying of the wetland causes water levels  in nearby 
monitoring bores to also rise and fall. 
•Soil moisture data indicates that significant vertical infiltration of water is not 
occurring to explain the water level changes. 
•The salinity of groundwater in the shallow monitoring bore falls in response to 
rainfall events and slowly rises again while the salinity in the deeper bore 
remains stable. 
Established 
development  
2017... 
•The freshwater plume has displaced native groundwater to a distance of more 
than 25 m from the wetlands edge.  
•Minor influence of the wetland is observed at 50 m from the wetland as the 
plume continues to migrate.  
•The wetland has formed a new source of freshwater recharge in an area where 
the rate of recharge had been previously low.  
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significant vertical infiltration after a rainfall event does not occur and is not the cause of 
groundwater level rises after rainfall events. Then, as the water level in the wetland receded in 
between rain events, the water level in the shallow aquifer was slower to fall and the lateral 
hydraulic gradient near the wetland reversed. This brought the native higher salinity groundwater 
from further away back towards the wetland and groundwater monitoring bore, resulting in a return 
to the pre-rain event groundwater EC levels (Figure 7-6c).  
This pattern of wetland filling, shallow groundwater levels rising and salinity falling, followed by 
subsequent wetland emptying, falling groundwater levels and rising salinity continued from the start 
of the monitoring period (June 2014) until May 2016. After May 2016, the groundwater chemistry 
began to more closely resemble that of the wetland (low salinity, high 14C & 3H) rather than the 
initial shallow groundwater chemistry (high salinity, low 14C and 3H). It appears the fresh surface 
water thus migrated from the wetland into the shallow groundwater with an oscillating/pulsing front 
of fresh water recharge. This similar to the pattern of shallow groundwater recharge (e.g., 
‘freshwater lens’) from the Murray River near Colignan, Victoria  (Cartwright et al. 2010) except that 
in that case the source is from a natural waterway and the oscillation over years or decades. The 
pulsating fresh water ‘front’ then passed the location of monitoring bore BH4S (hence the relatively 
consistent EC values from mid-2016 and throughout 2017), and is likely propagating away from the 
wetland. Clearly this plume has yet to reach the location of monitoring bores BH7 and BH8 (as 
groundwater salinity is unchanged there), however it may be expected to reach these bores as the 
plume continues to grow in line with the new recharge mechanism established in response to 
wetland construction.    
7.3 Potential additional focussed recharge 
7.3.1 Rate of additional recharge from the Linsell Boulevard Wetland  
In light of the evidence of new recharge mechanism associated with the constructed wetland, and 
the possibility that this recharge mechanism may arise at similar analogous sites within the Western 
Port Basin (where constructed wetlands are being planned elsewhere in conjunction with urban 
development), it was considered worthwhile to attempt to quantify the likely amount of additional 
groundwater recharge being added to the aquifer.  
The volume of water infiltrating into the Older Volcanics aquifer from the wetland at this locality was 
estimated by considering the approximate volume of native groundwater displaced. The freshwater 
plume has migrated at least 25 m from the wetland and the aquifer is approximately 4 m thick 
before a silty clay layer is encountered. Given that the area of the wetland is approximately 
120,000 m2 and the area of the freshwater plume approximately 140,000 m2 and the effective 
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porosity of the aquifer is between 0.1 and 0.2, assuming a radial flow pattern of the plume, would 
yield a volume of between approximately 56 to 112 ML in total. It took approximately 3 years for the 
plume to reach this distance which equates to a rate of 19 to 37 ML/year or 156 to 311 mm/year 
infiltration over the area of the wetland.  
Darcy’s equation was also used to consider infiltration rate from the wetland: 
                    (   ) 
Where K = hydraulic conductivity (m/d), i = gradient and A is area (m2).  
Hydraulic conductivity was measured (Section 5.3) in the Older Volcanics as 0.1 m/d and the area of 
the wetland is 120,000 m2. The hydraulic gradient oscillates as the wetland fills and empties (Figure 
7-5) but averages approximately 0.005 from the wetland to groundwater. This yields an infiltration 
rate of 22 ML/year, a volume of similar magnitude to the volumetric displacement calculation above. 
This compares to the 210 ML/year of recharge that is estimated to occur over the entire eastern half 
of the study area (Chapter 6) and is thus a significant volume of recharge in the context of the overall 
rates in the basin. The implication of the increased recharge associated with this, and potentially 
other constructed wetlands in the catchment associated with growing urbanisation are discussed 
further below. 
7.3.2 Potential additional recharge from new constructed wetlands 
The detailed investigation of the Linsell Boulevard constructed wetland in this study shows that 
significant additional recharge is occurring at a newly constructed wetland, where recharge was 
previously negligible, and that this mechanism is possible for constructed wetlands in urban areas 
more generally. The precinct structure plans for the Casey Growth area map out future planned 
constructed wetlands. An estimate of the additional potential recharge that might occur from the 
planned constructed wetlands in the Casey Growth Area with the Western Port Basin has been made 
by extrapolating the estimates of additional recharge from the Linsell Boulevard wetland (Table 7-2). 
No structure plan has yet been completed for Devon Meadows, McPherson and Clyde and in these 
cases as estimate of the number of wetlands was estimated based on the size of these areas relative 
to already planned areas. An estimate of potential additional recharge for each planned wetland was 
made by applying the leakage rate calculated for the Linsell Boulevard constructed wetland and 
scaling the result to the size each wetland. An upper and lower estimate was provided for each area 
based on the range of hydraulic conductivity values estimated in this study (Section 5.2) 
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Table 7-2: Potential additional recharge from constructed wetlands (uk = unknown). 
Precinct Structure Plan 
  
Land Area 
(Ha) 
  
No. of 
constructed 
Wetlands 
  
Area of 
constructed 
wetlands (m
2
) 
  
Potential 
additional recharge 
(ML/yr) 
low  high 
Thomsons Rd (south) 350 1 6,000 1 2 
Cranbourne East 589 2 140,000 20 40 
Clyde Creek 1,145 9 192,600 30 60 
Casey Field South 110 1 20,000 5 10 
McPherson 1,040 uk 156,000 25 50 
Botanic Ridge 318 4 45,150 10 20 
Clyde South  1,200 uk 180,000 30 60 
Devon Meadows 290 uk 43,500 10 20 
Major Retarding Basin - 1 2,000,000 310 620 
Total        440 880 
 
These estimates are necessarily approximate, with the number and size of future wetlands still in the 
planning phase and the specific site conditions (particularly depth to water, soil hydraulic 
conductivity and depth of wetland) at each wetland may result in higher or lower recharge rates. 
However, the estimates do provide an indicative range of magnitude of additional recharge possible 
more generally throughout the rapidly urbanising catchment if the new recharge mechanism 
demonstrated is emulated at future constructed wetlands.  
The estimated potential recharge from planned constructed wetlands based on this simple 
methodology ranges from 440 to 880 ML/year. Nearly 75% of this is from the large regional 
retarding basin planned for the southwest of the urban growth area (Figure 7-8). The constructed 
wetlands within the precinct structure plans account for 122-244 ML/yr. This compares to the 
210 ML/yr of diffuse recharge that is estimated to occur over the eastern 30 km2 of the study area, 
where the majority of constructed wetlands are planned (Figure 7-8), and 1,510 ML/yr of recharge 
over the entire study area (Chapter 6). That is, leakage from wetlands in the future could more than 
double amount of recharge that occurs by diffuse recharge over low recharge areas within the urban 
growth area (e.g. those situated above the Older Volcanics) and increase the volume of recharge by 
an amount in the order of ~50% over the entire study area.  
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Figure 7-8. Potential increase in recharge (ML/yr) from planned constructed wetlands. 
 
The estimated additional recharge from leaking constructed wetlands assumes that all other 
wetlands to be constructed in the Casey Growth Area will behave as Linsell Boulevard constructed 
wetlands was observed to behave in this study. The particular design, depth, soil types and 
prevailing groundwater conditions will vary at each site. One consideration (as noted in Zipper et al. 
2017) is the topographic position within the landscape – the Linsell Boulevard sits on a relatively 
elevated part of the study area where recharge potential may exceed flatter or lower-lying areas. 
The estimated additional recharge across the area hence remains uncertain and presents a line of 
inquiry for further research and investigation (as recommended in Section 8.3.1).  
7.4 Implication for water resource and land use planners 
The conceptual understanding of the surface water – groundwater interaction at the Linsell 
Boulevard Constructed Wetland provides a template for understanding the role that other 
constructed wetlands are likely to have on the catchment. The network of planned and already 
constructed wetlands has the potential to significantly alter the groundwater budget and quality by 
the addition of fresh water recharge that did not occur when the land-use was agricultural.  
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This is (to our knowledge) the first major field-based study of changes in recharge rates and 
mechanisms in a catchment subject to conversion from agriculture to residential suburban land use, 
demonstrating a clear shift in recharge mechanism in part of the catchment. The data show that 
areas previously subject to low recharge rates, due to geology and hydraulic gradients, have now 
undergone a change to receive significant point based recharge, as a result of stormwater 
management techniques in newly constructed residential subdivisions, namely constructed 
wetlands.  
There are a number of implications from the findings of this study for water resource managers and 
land use managers. The ongoing land use change in this area from agriculture to residential is 
unlikely to cause significant reductions in recharge to the Western Port Basin from diffuse recharge, 
because the area subject to development was (based on the lines of evidence collected in this study) 
never a significant recharge area in the first place (Chapter 6). However, point sources of recharge 
(specifically constructed wetlands) are changing the mechanism and rate (increasing) recharge in 
these areas. A similar phenomenon was hypothesised in the urban growth areas surrounding the city 
of greater Geelong to the west of Melbourne (Currell et al. 2015). Furthermore, the water balance 
will be further changed by the removal of groundwater pumping related to irrigated agriculture and 
the importation of more water into the catchment via reticulated potable and waste water. 
Therefore, rather than a net reduction in groundwater recharge from urbanisation, there is likely to 
be a net increase in groundwater recharge. This is consistent with experience under existing urban 
areas both elsewhere in Australia (Appleyard, 1995; Hall and Graham 2009) and in other countries 
(Lerner, 2002). 
The increase in recharge from constructed wetlands may also be coupled with a reduction in 
groundwater extraction from this part of the Western Port Basin as groundwater licences used for 
market gardens are traded to other locations where agriculture will continue to be practiced. There 
are currently 40 groundwater extraction licences (with a total permissible annual extraction volume 
of 1,080 ML/year) in the active agricultural areas within the Urban Growth Boundary. That is, these 
groundwater licences are currently used to extract groundwater to support agricultural businesses 
but, as this land progressively changes to residential housing, groundwater extraction will no longer 
be required. Since 2010 there have been 968 ML of permanent groundwater entitlements and 
approximately 600 ML a year of temporary groundwater traded in the Koo Wee Rup Water Supply 
Protection Area (Figure 7-9), the groundwater management unit that takes in the study area. 
Sufficient detail about the trading patterns is not currently available (L Murphy, 2018, pers. comm., 
19 April) to confirm the geographical movement of groundwater licences in the basin. Anecdotally, 
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there is demand for more groundwater extraction further east in the Western Port Basin, where 
irrigated horticulture continues to flourish. 
 
Figure 7-9. Permanent and temporary groundwater trades in the Koo Wee Rup Water Supply Protection Area (Victorian 
Water Register, 2018). 
 
The predicted increase in recharge from constructed wetlands coupled with the potential reduction 
in groundwater extraction could therefore be expected to produce a net increase in the 
groundwater balance in the order of approximately 1,000 ML per year in the study area on the basis 
of the approximate estimates above. This will likely lead to changes in groundwater storage and 
potentially increase in groundwater levels, posing a series of risks and opportunities for land use 
planners and water managers.  
7.4.1 Risks  
7.4.1.1 Rising Water Table and Salinity 
Salinisation of soil and shallow groundwater occur when the water table rises and naturally 
occurring salt in the soil or groundwater is enriched by increasing evapotranspiration (DPI, 2009). A 
change in the hydrologic system is required to raise the water table and in urban environments this 
can include reduced groundwater extraction, removal of trees and leakage from urban infrastructure 
(as described in Section 2.4). With a change in the hydrological system, factors that can increase the 
risk of salinisation are depth to groundwater, position in the landscape, hydraulic conductivity of soil 
and aquifer and salt stored in the soil profile and shallow groundwater.  
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The predicted increase in recharge and reduction in groundwater extraction discussed above will 
likely lead to groundwater level rises in the study area. The basaltic clay that is pervasive across the 
area is generally extremely poorly draining with estimated saturated hydraulic conductivity ranging 
from 0.006 to 0.1 m/d (Section 5.2). Water logging issues have already been encountered in the 
nearby residential development at Botanic Ridge (Figure 7-8). In this instance the experience of civil 
engineers was that excess water generated in the new subdivision following development could not 
be fully accommodated by a stormwater retarding basin (constructed wetland). A feasibility study 
was conducted by CH2MHill (2014) which evaluated options including managed aquifer recharge (for 
which it was deemed there was insufficient aquifer capacity) and water treatment and reuse 
(deemed too expensive). The recommended option from the feasibility study was a pipeline from 
the subdivision to Wylies Creek 4.5 km further east of the subdivision.  
Rising groundwater levels due to stormwater infiltration have been identified in previous studies as 
an issue within urban areas; e.g. Gobel et al. (2004) demonstrated rises of more than 2 m in areas of 
urban development and this was influenced more by precipitation rate and infiltration rate and 
hydraulic conductivity than the size of the development or degree of surface sealing. This effect will 
be particularly severe in areas of soil with low hydraulic conductivity such as the extensive highly 
weathered Older Volcanics sub-cropping across the study area. Low lying areas are also more prone 
to water logging with addition of more water, as the depth to groundwater is typically shallower and 
naturally accumulates water draining from elsewhere.  
The Clyde Creek alignment through the study area is the most likely area to be affected because it is 
low lying and is covered by low permeability soil. Up to 9 constructed wetlands are planned for the 
Clyde Creek precinct which is predicted to produce up to 60 ML/year of additional recharge (Table 7-
2 and Figure 7-9). This area was also highlighted by Dahlhaus et al. (2004) as at risk of water logging 
and salinity but with the risk factor in that instance of excessive irrigation.  
There is only one constructed wetland planned for Casey Field South but this is considered a high 
risk area because depth to groundwater is shallow (~2 m bgl), the underlying Childers Formation is 
under artesian pressure and it is immediately east of the elevated ridge near Royal Botanic Garden 
which provides a large potential hydraulic head to drive groundwater in this direction.  
Rising groundwater levels pose a potential land and groundwater salinisation risk (Ghassemi et al. 
1995); this is a chronic problem in many catchments elsewhere in Australia (and other semi-arid 
regions) where land-use change, predominantly land-clearing for agriculture, has significantly 
increased groundwater recharge rates (Scanlon et al. 2007; Han et al. 2017). This study has identified 
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areas of moderately saline groundwater (Figure 5-4) which form a source of salinity that may 
become further enriched through evapotranspiration as water levels rise and reach the critical depth 
for ET. Clyde Creek transects areas of groundwater salinity of approximately ~3,000 mg/L and is 
particularly vulnerable. A similar effect was hypothesised for the Lake Connewarre Complex where 
influx of stormwater from nearby urban development is predicted to increase water table heights 
and salinisation of the upper soil profile (Currell et al. 2015).   
7.4.1.2 Reactive soils and swelling 
Reactive soils are defined as those that change their overall volume in response to soil moisture 
change (Peck, 1992). The effective measure of soil reactivity is the amount of ground surface 
movement, ys, in mm in response to changes in soil moisture (Standards Australia, 2011). Volcanic 
soils are known to be highly reactive in Melbourne region with ys values up to 100 mm possible 
(Peck, 1992). The expansion and shrinkage of soils has the potential to damage roads, pavements, 
buildings and buried pipes. While seasonal soil moisture variations are normal (Li and Zhou, 2013; 
Peck, 1992) there is the potential for additional soil moisture to build up in the study area where 
constructed wetlands leak.  
While the impact of soil moisture changes on housing is well understood (Standards Australia, 2011; 
Peck, 1992) there is also the potential for impacts on large scale infrastructure. For example, the 
opening of a new 30 km section of the Western Highway (a multilane highway in Victoria, Australia) 
was delayed by more than 12 months during the 1980s and required costly remediation works due 
to heaving and severe cracking of the pavement (R Evans, 2018, pers. comm., 18 April). The 
investigation into the failure found that insufficient under-road drainage had led to increased 
groundwater pressure in the subgrade and hence heave of the volcanic clay soil subgrade and 
resulting cracking of the overlying pavement.  
Further work is required to understand the risk of rising water tables on reactive soils in the study 
area. There is some evidence (e.g. Li, 2018) that when the groundwater level rises to within 3 m of 
ground level in clay soils, capillary rise can lead to expansion and heave. The water table in Older 
Volcanics clay is already shallow (<3 m below ground surface) at two locations monitored during this 
study (BH4S and BH8 next to Linsell Boulevard constructed wetland and BH5 on Ballarto Rd). 
Additional constructed wetlands are planned, particularly in the Clyde Creek Precinct Structure Plan 
and large retarding basin at the southwest edge of the growth boundary (Figure 7-8), which are in 
areas where the water table may already be shallow. The groundwater level at state observation 
bore 91074 at the site of the large retarding basin varies from 1.5 to 4.0 m below ground level, 
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which may represent the confined aquifer level at this location. However, the ground surface in this 
area is 3 -6 m AHD so it likely that the water table is also shallow.  
7.4.1.3 Groundwater contamination from poor quality stormwater. 
Urban stormwater contains a range of pollutants including nutrients, heavy metals, petroleum 
hydrocarbons and perfluorinated surfactants (e.g. Zhang et al. 2004; Murakami et al. 2009). A recent 
study of 98 constructed wetlands in Melbourne (Sharley et al. 2017) found the concentrations of 
heavy metals and petroleum hydrocarbons exceeded guideline values to protect aquatic ecosystems 
in 66% of cases. 
The results in this study (Table 7-3) indicate that the quality of water in Linsell Boulevard constructed 
wetland is generally good (limited to the inorganic and organic pollutants listed in Table 7-3); the 
water (when sampled) is fresh (<250 mg/L) and contains low concentrations of nutrients (e.g. NO3 < 
6 mg/L), metals (e.g. zinc 0.002 mg/L and copper 0.004 mg/L) and petroleum hydrocarbons (below 
detection limit of <0.1 mg/L). This is similar to the water quality in the adjoining shallow bores, 
suggesting that the constructed wetland is not currently a source of groundwater contamination. 
Table 7-3: Shallow groundwater quality adjacent to the constructed wetland (August 2016).  
Analyte (mg/L) Wetland  BH4S  BH7 
Heavy Metals 
Al < 0.05 < 0.05 < 0.05 
As < 0.001 0.002 < 0.001 
Cd < 0.0002 < 0.0002 < 0.0002 
Cr (total) < 0.001 0.001 < 0.001 
Cu 0.004 0.042 < 0.001 
Fe (total) 0.14 0.06 < 0.05 
Pb < 0.001 < 0.001 < 0.001 
Mn < 0.005 0.31 0.035 
Ni 0.004 0.019 0.008 
Zn 0.002 0.005 0.001 
Nitrogen Species (mg/L) 
Ammonia (as N) 0.07 0.28 < 0.01 
Nitrate (as N) 5.83 2.1 1.38 
Polycyclic Aromatic (PAH &) Total Recoverable (TRH)Hydrocarbons   
Total PAH* < 0.001 < 0.001 < 0.001 
TRH C6-C10 < 0.02 < 0.02 < 0.02 
TRH C10-36 < 0.1 < 0.1 < 0.1 
 
However, the catchment and wetland are new (<4 years old) and it is unknown whether 
contaminants in the wetland may increase with time and/or the buffering capacity of the wetland is 
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reduced with respect to pollutant attenuation (constructed wetlands are explicitly designed to trap 
and degrade common pollutants such as those mentioned; Melbourne Water, 2017). It is also 
unknown whether the areas from which stormwater will be channelled into other new constructed 
wetlands in the study area will have similar water quality to that observed in Linsell Boulevard. 
Sharley et al. (2017) found that the age of a constructed wetland was a major determinant on the 
degree contamination observed in wetland sediments, while other studies (Maxwell et al. 2017; 
Abed et al. 2016) suggest that the ability of a wetland to provide effective treatment of poor quality 
stormwater diminishes with age. A full characterisation of stormwater quality (e.g. including a range 
of potential contaminants, such as perfluorinated surfactants and other ‘emerging’ contaminants) 
and analysis of the potential impacts or interactions with the underlying groundwater system was 
considered beyond the scope of the current study. However, this is an important potential impact 
and is therefore proposed as a future avenue for research (see Chapter 8 below).   
7.4.2 Opportunities  
The greatest opportunity presented from the change(s) in recharge mechanism, location and 
amounts described in this study is the potential to augment recharge of groundwater for future 
requirements in newly developed urban areas. Cities in Australia including Perth (Appleyard, 1995) 
and Adelaide (Radcliffe et al. 2017) already utilise stormwater as a source for augmenting 
groundwater recharge. In the case of Perth, stormwater is gathered at the local scale (city block) and 
directed into stormwater infiltration basins, which allows recharge through the naturally highly 
permeable soil. The high permeability of the soil means the water infiltrates rapidly and flows away 
from the infiltration basins, thus preventing issues related to rising water table such water logging 
and salinization. There are more than 1,000 such structures in Perth and approximately 50% of 
nearby stormwater is diverted to these structures (Appleyard, 1995). This is coupled with extensive 
use of shallow groundwater (over 170,000 private bores; Department of Water Regulation, 2018), 
primarily for irrigating residential gardens, which offsets mains water use. The increase in recharge 
from constructed wetland leakage (if carefully planned and sited) could be deliberately enhanced to 
maximise the volume of groundwater available for extraction in the Western Port Basin.  
Optimisation of constructed wetland design is required to increase the efficiency of infiltration. The 
Linsell Boulevard constructed wetland was shown to leak even without any specific design 
components. It is likely in this instance that the removal of up to 2 m of low permeability clay to 
create the wetland was responsible for degree of leakage observed. Future designs could aim to 
further enhance this characteristic by excavating deeper over part of the wetland (ideally to 
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weathered rock or near the water table) if enhanced recharge is desired, or, alternative designs if 
the intention is to limit leakage. 
Clearly, deliberately adding more water via wetland infiltration could exacerbate the risks of water 
logging and salinisation described in Section 7.4.1. This needs to be taken into account with site 
selection with depth to water table, groundwater salinity and hydraulic conductivity of the soils and 
aquifer key parameters for determining suitability of a particular site. Wetland designs that augment 
recharge will be required maximise their ability to disperse recharged water away from these areas 
sufficiently quickly to avoid water table rises similar to the optimisation measures mentioned above.  
Groundwater extraction is readily achievable from the Older Volcanics (where it is not highly 
weathered) and the Childers Formation aquifers. Casey Council recently installed an irrigation bore 
at their Casey Fields sporting complex to augment the treated waste water and surface stormwater 
collected for irrigation (T Lumsden, 2016, pers. comm, 11 April). This was in response to the capacity 
restraints of the existing treated waste water pipework in the area during the peak summer months. 
The Childers Formation is typically only moderately yielding but bores up to 5 l/sec are possible and 
the aquifer is relatively shallow (<30 m deep) such that drilling costs are relatively low.  
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8 Conclusions 
This chapter summarises the key study findings regarding recharge processes in the study area and 
the impacts of changing land use from agriculture to low-density urban. A summary of the level of 
achievement of the research objectives outlined in Chapter 1 is provided, together with the new and 
original contributions to knowledge that have been made by this study. An evaluation is also made 
of the effectiveness of the different techniques used to characterise recharge, and their potential 
relative value for future recharge investigations in similar land-use settings. Finally, a number of 
suggestions are made for future research.  
8.1 Summary of findings / Research aims & contributions 
8.1.1 Complete a detailed characterisation of recharge processes and rates in an important 
recharge area undergoing rapid urbanisation in Western Port Basin. 
This study has been able to clearly map and quantify recharge rates across the study area through 
the application of a combination of field data and analytical techniques. The detailed field 
investigation included the installation of a network of groundwater monitoring bores, collection of 
spatial and temporal water quality and level data and monitoring of soil moisture, and was coupled 
with a re-interpretation of existing data sets to provide insights into recharge processes in the study 
area (Chapter 6) and potential for urban stormwater infrastructure (constructed wetlands) to impact 
recharge (Chapter 7).  
A new conceptual model of recharge processes in the study area was developed along with the 
estimates of recharge rates. Recharge was found to be highly variable across the study area ranging 
from <10 mm/year in the east and >200 mm/year in a small area in the west along the catchment 
divide. The most significant control on recharge rates was found to be the extent of a sub-cropping 
highly weathered (clay) Older Volcanics unit across the study area. The low permeability of this unit 
acts as a barrier to recharge and it is only in the western part of the study area where the Older 
Volcanics is absent and a Quaternary sand unit is sub-cropping that higher rates of recharge occur. 
This finding varies significantly from the previous conceptual model for this part of the basin which 
describes the Older Volcanics as permeable and a source of recharge where it sub-crops.  
8.1.2 Investigate the interaction between new urban water management infrastructure 
(constructed wetlands) and groundwater recharge. 
This study established a robust model for the interaction of a newly constructed wetland and 
groundwater at Linsell Boulevard, Cranbourne East. Data showed that shallow and deep water levels 
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fluctuate adjacent to the wetland in response to filling and emptying but that the response in the 
shallow aquifer (evident in a freshening of groundwater salinity) is from wetland leakage; whereas 
the response in the deeper aquifer is due to pressure loading (rather than recharge). The plume of 
low salinity stormwater was found to ebb and flow initially as it migrated away from the wetland 
(evident as rising/falling salinity levels in groundwater), before fully replacing the native shallow 
groundwater. Through analysis of the freshwater plume’s growth over time and the water table 
fluctuations, it was estimated that an effective rate of recharge of up to 156 to 311 mm/year per 
unit area was occurring in this area due to the wetland. This is a significant change from the pre-
urban estimate of recharge of <10 mm/year (based on CMB). The unintended addition of recharge 
from constructed wetland leakage has not previously been characterised and quantified to this 
extent for in previous studies of the hydro(geo)logical impacts of urbanisation.  
8.1.3 Determine implications of current and changing recharge regime for water managers and 
land use planners. 
The findings of this study have significant implications for water managers and land use planners. It 
is clear that recharge is substantially higher over a relatively small area near the Cranbourne Royal 
Botanic Gardens and the Cranbourne Racetrack compared to the rest of the study area. Fortunately, 
this area is mostly Crown land and is unlikely to be developed further in spite of rapid urbanisation 
taking place elsewhere in the catchment. This finding regarding the importance of this zone for 
providing recharge to the basin should be noted by land use and water planners, and the area 
protected (e.g. as a strategic recharge protection area) in the future.  
The potential for additional recharge from constructed wetlands presents risks and opportunities 
which have not been previously identified. An additional volume of recharge of up to 866 ML/yr has 
been estimated from the constructed wetlands planned for the Casey Growth Area based on up-
scaling of the observations at the Linsell Boulevard wetland. With augmentation of wetland design 
to deliberately enhance the volume of recharge further there is potential for an additional low 
salinity groundwater resource in this part of Western Port Basin. However, the addition of this water 
could also significantly raise water tables, creating engineering and salinity risks. Additionally, the 
long-term water quality impacts from stormwater infiltration are poorly understood and it is 
possible this new recharge source could result in addition of contaminants to the aquifer. Further 
work is required to evaluate the long term consequences on stormwater infiltration in the basin, 
mindful of these possibilities.  
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8.2 Effectiveness of various techniques for characterising recharge 
8.2.1 Geological mapping and hydraulic testing 
Accurate mapping and reinterpretation of shallow geology were critical in this study. One of the 
most significant factors controlling rates and patterns of recharge in the study area was found to be 
the occurrence of the low permeability weathered Older Volcanics at the surface. New drilling, field 
mapping and review of historical logs were all used successfully to map the extent of the Older 
Volcanics and visual inspection and field hydraulic testing provided quantification of the hydraulic 
conductivity of the key aquifers in the study area. 
8.2.2 Spatial water level monitoring and nested monitoring wells 
Spatial water level mapping provided an updated groundwater elevation plan across the study area 
which was similar to previous studies. However, nested monitoring bores at four locations showed 
that the vertical hydraulic gradient was typically upwards from the confined Childers Formation to 
the unconfined Older Volcanics aquifer. This was critical for developing the conceptual 
hydrogeological model for the study area, including the confining capacity of the weathered Older 
Volcanics, and identifying areas that were potentially active recharge areas.  
8.2.3 Temporal water level and electrical conductivity monitoring  
The water table fluctuation method was very useful for calculating recharge rates at point locations. 
It is also the only method used in this study that could estimate recharge rates from single rainfall 
events. Accurate time series water level data are relatively easy to collect with modern pressure 
transducers, making this a useful technique for future studies. However, uncertainty remains where 
aquifer storativity is poorly constrained, the spatial coverage is limited to locations where data 
loggers are deployed, and accurate rainfall data (as was collected in this study) are required to 
interpret the results.  
Time series EC data were critical for establishing the link between observed groundwater level rises 
and stormwater ingress into the shallow aquifer at the Linsell Boulevard constructed wetland. The 
water level response in the shallow and deep bores to rainfall and wetland filling at this location 
were similar, however the EC data were markedly different. This helped establish the hypothesis 
that the water level response in the shallow aquifer was due to wetland leakage whereas the 
response in the confined aquifer was from pressure loading. The EC data were also critical in 
providing insights into how the fresh water plume ebbed and flowed progressively as it migrated 
away from the wetland over time during the study. Such data are relatively easy to collect, however 
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a significant EC contrast is required between the two water sources in order for this technique to be 
effective in identifying recharge. 
8.2.4 Groundwater hydrochemistry and stable isotopes 
Major ions and stable isotope data were useful for providing overall characterisation of groundwater 
in the study area. This data confirmed the meteoric source of groundwater (including relatively 
saline water) throughout the study area and indicated that transpiration (as opposed to 
evaporation) was primarily responsible for elevated groundwater salinity in areas of relatively low 
recharge. It also showed change in recharge source in the groundwater adjacent to the constructed 
wetland following repeated filling of the wetland (in conjunction with changes in salinity and 
radioisotopes). Some evidence of groundwater contamination was identified (some isolated 
occurrences of elevated nitrate) and the dataset does provide a useful benchmark for long-term 
monitoring of groundwater quality under the new urban landscape.  
8.2.5 Chloride mass balance  
The chloride mass balance method was successful in providing spatial coverage and greater 
resolution of recharge rates across the study area. The advantage of this technique was that multiple 
datasets could be synthesised to provide excellent spatial coverage. Chloride data is easy to collect 
and chloride mass balance provides an integrated estimate of net recharge over time and space.  
This method does assume that all chloride in groundwater originated in the atmosphere (this was 
reasonably well-established in this study from stable isotope data) and is complicated by the need to 
accurately measure the concentration of chloride in rainfall across the study area. This is particularly 
complex in coastal areas (e.g. Bresciani et al. 2014). The groundwater monitoring bores sampled in 
this study were located away from water mains and the CMB results were not affected by mains 
leakage. However, repeating CMB analysis in the future, or applying this technique in established 
urban areas, could be affected by mains leakage.  This may lead to anomalously low chloride 
concentrations, resulting in high recharge estimates and limiting the usefulness of this technique. 
8.2.6 Radioisotopes  
Tritium data were successful in identifying areas of active recharge and providing semi-quantitative 
information on recharge rates through ‘renewal rate’ mixing analysis. Tritium was also useful in 
supporting the conclusion that the groundwater next to Linsell Boulevard constructed wetland 
(BH4S) had been replaced during the observation period with water leakage from the wetland.  
CHAPTER 8 
172 
 
Radiocarbon data were useful for resolving groundwater flow dynamics and qualitative information 
of recharge patterns across the study area. For instance, the deeper bore next to Linsell Boulevard 
constructed wetland (BH4D) showed water level response and prevailing electrical conductivity 
indicative of active recharge but radiocarbon (and vertical head) data show that the average 
groundwater age in the aquifer is very old (>10,000 years) and is receiving recharge from elsewhere 
in the basin. However, radiocarbon data can’t provide detailed resolution of modern groundwater 
recharge and related processes (<100 years) because of complexities with atmospheric radiocarbon 
and corrections for matrix carbon.  
The mixing of groundwater was examined through the renewal rate analysis of tritium and 
radiocarbon data. This approach revealed insights into the relative proportions of recently recharged 
water with older water contained in the aquifer which is one of the main complicating factors in 
interpreting radio isotope data (Clark and Fritz, 1997). Detailed consideration of other data, 
particularly groundwater salinity, was further able to resolve groundwater mixing patterns and assist 
interpretation of recharge rates and mechanisms.  
While in this instance tritium and radiocarbon data were useful in showing the change in 
groundwater recharge source over time, the relatively high analytical costs of this technique may 
limit its routine use for monitoring groundwater such changes more widely. 
8.2.7 Soil moisture profiles 
Soil moisture profiles were of limited effectiveness for estimating recharge rates in this study. This 
was mainly due to the location of the two moisture probes which happened to be in relatively low 
recharge areas within the study area (areas hypothesised under the pre-existing conceptual model 
to be of significant recharge). The soil moisture probes were however successful in understanding 
recharge mechanisms and particularly defining locations where vertical infiltration was a negligible 
process. The monitored profiles showed rapid variation in shallow soil moisture content after rainfall 
events, then subsequent drying of the soil and a lack of any variation in soil moisture beyond 1 m 
depth (precluding significant recharge). This type of tool could be useful in future recharge 
estimation studies; however, locations need to be carefully selected. For example, after initial field 
data is collected (using other techniques described above), and a refined conceptual model is 
developed, targeted deployment could assist with determining timing and rates of recharge.  
8.2.8 Concluding remarks 
Ultimately, a combination of techniques was useful in this study, providing multiple lines of evidence 
with which to assess the mechanisms, locations and rates of recharge. A similar approach is likely 
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necessary for future recharge investigations where detail is required about these processes, with no 
one data set providing a definitive result. For instance, the WTF method provides good 
quantification of recharge locally, but is spatially limited to the monitoring bores available and 
temporarily limited by the monitoring period. Combined with the CMB method, which provides 
greater spatial coverage and recharge estimates effectively integrated over a longer time period, a 
more robust set of recharge estimates could be derived across the region. The rates, mechanisms 
and locations of relatively high modern recharge could then be verified on the basis of radio-isotope 
data (such as tritium) and other hydrochemical indicators (e.g. groundwater salinity and stable 
isotopes).  
8.3 Recommendations for future research 
8.3.1 Investigate hydrological effects of additional constructed wetlands in the Casey Growth 
Area and Melbourne more broadly.  
A number of findings have been made in this study regarding the volume of additional recharge that 
occurs from one constructed wetland which was studied relatively intensively with a range of data 
collection techniques (Chapter 7). This result was then extrapolated to all of the planned constructed 
wetlands in the study area. However, it is unknown whether other wetlands will behave in the same 
way as the Linsell Boulevard constructed wetland and if this extrapolated estimate is reliable. 
Therefore, it is recommended that the techniques used in this study are applied to other 
constructed wetlands, to verify the broader application of these findings.  
8.3.2 Evaluate potential to augment recharge from constructed wetlands 
Currently, constructed wetland designers in Melbourne make little to no allowance for infiltration 
losses of stormwater. However, it is clear in this study that potentially large volumes of water could 
be augmenting groundwater recharge from leaking constructed wetlands. Constructed wetlands 
offer a potential source of augmented recharge in the study area, and potentially elsewhere in 
Melbourne.  
Consideration ought to be made for constructed wetland design that increases the volume of 
recharge through the wetland such as is practiced elsewhere (e.g. Locatelli et al. 2017; Clark et al. 
2015; Appleyard, 1995) The Linsell Boulevard constructed wetland has shown to leak with no specific 
design components. However, the removal of up to 2 m of low permeability clay to create the 
wetland is likely to have led to some of the leaky nature of the wetland. This could be enhanced 
further by excavating deeper over part of the wetland (ideally to weathered rock or near the water 
table). Additional groundwater recharge would offset greater groundwater extraction for 
CHAPTER 8 
174 
 
consumptive use elsewhere in the basin which could take the pressure off centralised water 
reticulation systems.  
As discussed in Chapter 7.4.1, additional recharge has the potential to raise the water table locally. 
This risk could be heightened if recharge is deliberately augmented without consideration of 
negative consequences (salinization and geotechnical problems). Further consideration of the 
likelihood of the water table to rise is required together with the relative risk of engineering and 
salinity issues arising. Comprehensive groundwater level monitoring near constructed wetlands is 
recommended to help quantify and monitor the risk. This could then be coupled with analytical or 
numerical models to predict long-term water level rises and evaluation of site selection criteria for 
constructed wetlands such as soil permeability, depth to bedrock, depth to groundwater and 
groundwater salinity.  
8.3.3 Long-term water quality monitoring  
The long-term groundwater quality impacts from urbanisation, and particularly from stormwater 
infiltration, are not well understood. Previous studies (e.g. Zhang et al. 2004; Murakami et al. 2009) 
have shown the urban stormwater contains a range of pollutants including nutrients, heavy metals 
petroleum hydrocarbons and perfluorinated surfactants. A recent study of 98 constructed wetlands 
in Melbourne (Sharley et al. 2017) found the concentrations of heavy metals and petroleum 
hydrocarbons exceeded guideline values to protect aquatic ecosystems in 66% of cases. The 
additional recharge from leaking constructed wetlands will likely decrease the groundwater salinity 
in these areas, and the wetlands and sub-soil may provide some buffering capacity (Maxwell et al. 
2017; Abed et al. 2016). However, long-term groundwater monitoring adjacent to constructed 
wetlands is required to ensure groundwater quality is maintained and pollutant loads are not 
increased by this new recharge mechanism, particularly as they age and the pollutant attenuation 
capacity of the wetlands diminish over time.  
8.3.4 Update basin wide water balance and groundwater resource planning 
This study clearly outlines the recharge processes and likely rates in the western part of Western 
Port Basin. Similar to more recent studies (eg. Currell et al. 2013) it suggested that high recharge 
rates may occur in the eastern part of Western Port Basin near Lang Lang. Further investigation is 
thus required to map the extent and volume of recharge coming from the eastern side of the basin. 
The results from this study, together with future recharge studies in the basin, can then be used to 
update the groundwater budget for the Western Port Basin as a whole. This will be a key dataset for 
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future groundwater planning in the area and updates to the Koo Wee Rup WSPA Groundwater 
Management Plan (2010). 
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Bore construction logs  
  
Bore Construction Log
Address: Railway Rd, Clyde
Date: 7/01/2014
Coordinates: 353317E
Drilling technique: Solid auger & air-rotary , 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOPSOIL Brown, sand and silt
0.5 - 1.0 CLAY Brown, plastic, stiff
1.0 - 1.5
1.5 - 2.0
2.0 - 2.5 SILT Orange-brown, clay and sand 
2.5 - 3.0 lenses, friable
3.0 - 3.5
3.5 - 4.0
4.0 - 4.5 CLAY Orange-brown, silty moist, trace 
4.5 - 5.0 coarse fragments upto 2mm
5.0 - 5.5
5.5 -6.0
6.0 - 6.5 HW BASALT Orange-brown, highly weathered
6.5 - 7.0  basalt with clay bands
7.0 - 7.5
7.5 - 8.0 MW BASALT Dark grey to orange brown, blade
8.0 - 8.5  bit chattering
8.5 - 9.0
9.0 - 9.5
9.5 - 10.0
10.0 - 10.5
10.5 - 11.0
11.5 - 12.0
12.0 - 12.5
12.5 - 13.0
13.0 - 13.5
13.5 - 14.0
14.0 - 14.5
14.5 - 15.0
15.0 - 15.5
15.5 -16.0
16.0 - 16.5
16.5 - 17.0
17.0 - 17.5
17.5 - 18.0
18.0 - 18.5 MW BASALT Dark grey, slow drilling from 18m
18.5 - 19.0
19.0 - 19.5
19.5 - 20.0
20.0 - 20.5
20.5 - 21.0 EOH 20.5
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Bore Construction Log
Address: Clyde Recreation Reserve, Clyde
Date: 8/01/2014
Coordinates: 353543N
Drilling technique: Solid auger & air-rotary , 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOPSOIL Brown, sandy, poorly sorted, 
0.5 - 1.0 med. gr., ?Cranbourne Sand
1.0 - 1.5 CLAY Brown, hard, dry
1.5 - 2.0 SAND Red to red-brown, clayey, m to vc 
2.0 - 2.5 grainded, poorly sorted, mod to 
2.5 - 3.0 well rounded, qtz, ?Baxter Fm
3.0 - 3.5
3.5 - 4.0
4.0 - 4.5
4.5 - 5.0
5.0 - 5.5 SAND Pale brown-yellow, fined grained,
5.5 -6.0  mod. sorted, hard drilling
6.0 - 6.5
6.5 - 7.0
7.0 - 7.5 CLAY Red, stiff
7.5 - 8.0
8.0 - 8.5 CLAY Grey, stiff, ?XWB
8.5 - 9.0
9.0 - 9.5
9.5 - 10.0
10.0 - 10.5
10.5 - 11.0
11.5 - 12.0
12.0 - 12.5
12.5 - 13.0
13.0 - 13.5
13.5 - 14.0
14.0 - 14.5
14.5 - 15.0
15.0 - 15.5
15.5 -16.0
16.0 - 16.5
16.5 - 17.0
17.0 - 17.5
17.5 - 18.0
18.0 - 18.5
18.5 - 19.0
19.0 - 19.5
19.5 - 20.0
20.0 - 20.5
20.5 - 21.0
21.0 - 21.5
21.5 - 22.0 
22.0 - 23.0
23.0 - 23.5 EOH 23.3m
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Bore Construction Log
Address: Casey Fields, Cranbourne East
Date: 9/01/2014
Coordinates: 351816E
Drilling technique: Solid auger, 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOPSOIL Light brown, silty sand
0.5 - 1.0 CLAY Brown, stiff
1.0 - 1.5
1.5 - 2.0
2.0 - 2.5 Weathered BASALT Red-brown to dark grey, XW to 
2.5 - 3.0 MW Basalt
3.0 - 3.5
3.5 - 4.0
4.0 - 4.5
4.5 - 5.0
5.0 - 5.5
5.5 -6.0
6.0 - 6.5
6.5 - 7.0
7.0 - 7.5
7.5 - 8.0 @7.5m: 0.5m band of pale grey
8.0 - 8.5  fine grained material
8.5 - 9.0
9.0 - 9.5
9.5 - 10.0 EOH 9.6m
10.0 - 10.5
10.5 - 11.0
11.5 - 12.0
12.0 - 12.5
12.5 - 13.0
13.0 - 13.5
13.5 - 14.0
14.0 - 14.5
14.5 - 15.0
15.0 - 15.5
15.5 -16.0
16.0 - 16.5
16.5 - 17.0
17.0 - 17.5
17.5 - 18.0
18.0 - 18.5
18.5 - 19.0
19.0 - 19.5
19.5 - 20.0
20.0 - 20.5
20.5 - 21.0
21.0 - 21.5
21.5 - 22.0 
22.0 - 23.0
23.0 - 23.5
BH3S
5779491N
Flush Gatic 
Cover
5
0
m
m
 N
D
 c
l 
1
8
 u
P
V
C
 
F
il
te
r
p
a
ck
 8
/1
6
 
w
a
sh
e
d
 s
a
n
d
B
e
n
to
n
it
e
&
 
ce
m
e
n
t 
se
a
l
5
0
m
m
 N
D
 c
l 
1
8
 s
lo
tt
e
rd
 
Bore Construction Log
Address: Linsell Blvd, Cranbourne East
Date: 9/01/2014
Coordinates: 351817E
Drilling technique: Solid auger & wash boring , 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 1 TOPSOIL Light brown, silty sand
1 -2 CLAY Brown, stiff
2 - 3 Weathered BASALT Red-brown to dark grey, XW to 
3 - 4 MW Basalt
4 - 5 
5 - 6
6 - 7
7 - 8 @7.5m: 0.5m band of pale grey
8 - 9  fine grained material
9 - 10
10 - 11 @10.5m:hard drilling for 0.5m 
11 - 12 @11m: losing some water
12  - 13 @12.7m: change to rock roller
13 - 14
14 - 15
15 -16
16 - 17
17 - 18
 18 - 19
 19 - 20
20 - 21
21 - 22
22 - 23 SAND & LIGNITE Pale grey, very coarse sand, with
23 - 24  interbeds of lignite and clay 
24 - 25 from 30m
25 - 26
26 - 27
27 - 28
28  - 29
29 - 30
30 - 31
31 - 32 @31: medium grained sand
32 - 33 @32m: coarse sand
33 - 34
34 - 35
35 - 36
36 -37
37 - 38 @37.5m:fibrous plant material
38 - 39
39 - 40 Weathered SILTSTONE Grey, dense, vf grained
40 - 41
41 - 42 EOH 41.4m
42 - 43
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Bore Construction Log
Address: Linsell Blvd, Cranbourne East
Date: 9/01/2014
Coordinates: 351816E
Drilling technique: Solid auger, 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOPSOIL Grey, silty sand
0.5 - 1.0 CLAY Dark orange-brown, to dark grey, 
1.0 - 1.5 dense, sl. moist
1.5 - 2.0
2.0 - 2.5 Weathered BASALT Orange-brown, XW Basalt & clay
2.5 - 3.0
3.0 - 3.5
3.5 - 4.0
4.0 - 4.5
4.5 - 5.0
5.0 - 5.5
5.5 -6.0
6.0 - 6.5 EOH 6m
6.5 - 7.0
7.0 - 7.5
7.5 - 8.0
8.0 - 8.5
8.5 - 9.0
9.0 - 9.5
9.5 - 10.0
10.0 - 10.5
10.5 - 11.0
11.5 - 12.0
12.0 - 12.5
12.5 - 13.0
13.0 - 13.5
13.5 - 14.0
14.0 - 14.5
14.5 - 15.0
15.0 - 15.5
15.5 -16.0
16.0 - 16.5
16.5 - 17.0
17.0 - 17.5
17.5 - 18.0
18.0 - 18.5
18.5 - 19.0
19.0 - 19.5
19.5 - 20.0
20.0 - 20.5
20.5 - 21.0
21.0 - 21.5
21.5 - 22.0 
22.0 - 23.0
23.0 - 23.5
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Bore Construction Log
Address: Linsell Blvd, Cranbourne East
Date: 10/01/2014
Coordinates: 353331E
Drilling technique: Solid auger & wash boring , 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOPSOIL Grey, silty sand
0.5 - 1.0 CLAY Dark orange-brown, to dark grey, 
1.0 - 1.5 dense, sl. moist
1.5 - 2.0
2.0 - 2.5 Weathered BASALT Orange-brown, XW Basalt & clay
2.5 - 3.0
3.0 - 3.5
3.5 - 4.0
4.0 - 4.5
4.5 - 5.0
5.0 - 5.5
5.5 -6.0
6.0 - 6.5
6.5 - 7.0
7.0 - 7.5
7.5 - 8.0
8.0 - 8.5 @8: pale grey/white & green clay
8.5 - 9.0
9.0 - 9.5 CLAY/SILT Pale grey/white, fine silt
9.5 - 10.0  (boardering clay), well sorted
10.0 - 10.5
10.5 - 11.0
11.5 - 12.0
12.0 - 12.5
12.5 - 13.0
13.0 - 13.5
13.5 - 14.0
14.0 - 14.5
14.5 - 15.0
15.0 - 15.5
15.5 -16.0
16.0 - 16.5
16.5 - 17.0 SAND  Pale grey, very coarse grained, 
17.0 - 17.5 sub-angular to sub-rounded, well
17.5 - 18.0  sorted, qtz
18.0 - 18.5
18.5 - 19.0
19.0 - 19.5
19.5 - 20.0
20.0 - 20.5 EOH 20.0m
20.5 - 21.0
BH4D
5781427N
Standpipe 100 
mm steel 
+0.55 m
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Bore Construction Log
Address: Ballarto Road, Cranbourne East
Date: 13/01/2014
Coordinates: 350945E
Drilling technique: Solid auger, 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOPSOIL Dark brown, silty/sandy clay
0.5 - 1.0 CLAY Dark brown and some orange, 
1.0 - 1.5 stiff (?XWB)
1.5 - 2.0
2.0 - 2.5
2.5 - 3.0 Weathered BASALT Orange-brown and dark grey, XW 
3.0 - 3.5 Basalt and clay
3.5 - 4.0
4.0 - 4.5
4.5 - 5.0
5.0 - 5.5
5.5 -6.0 EOH 5.4m
6.0 - 6.5
6.5 - 7.0
7.0 - 7.5
7.5 - 8.0
8.0 - 8.5
8.5 - 9.0
9.0 - 9.5
9.5 - 10.0
10.0 - 10.5
10.5 - 11.0
11.5 - 12.0
12.0 - 12.5
12.5 - 13.0
13.0 - 13.5
13.5 - 14.0
14.0 - 14.5
14.5 - 15.0
15.0 - 15.5
15.5 -16.0
16.0 - 16.5
16.5 - 17.0
17.0 - 17.5
17.5 - 18.0
18.0 - 18.5
18.5 - 19.0
19.0 - 19.5
19.5 - 20.0
20.0 - 20.5
20.5 - 21.0
21.0 - 21.5
21.5 - 22.0 
22.0 - 23.0
23.0 - 23.5
BH5S
5778369N
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hole collapse
Standpipe 100 
mm steel +0.60 
m
Bore Construction Log
Address: Ballarto Road, Cranbourne East
Date: 13/01/2014
Coordinates: 350946E
Drilling technique: Solid auger & wash boring , 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOPSOIL Dark brown, silty/sandy clay
0.5 - 1.0 CLAY Dark brown and some orange, 
1.0 - 1.5 stiff (?XWB)
1.5 - 2.0
2.0 - 2.5
2.5 - 3.0 Weathered BASALT Orange-brown and dark grey, XW 
3.0 - 3.5 Basalt and clay
3.5 - 4.0
4.0 - 4.5
4.5 - 5.0
5.0 - 5.5
5.5 -6.0
6.0 - 6.5
6.5 - 7.0
7.0 - 7.5
7.5 - 8.0 @8: becoming soft
8.0 - 8.5 SAND  Pale grey, very coarse grained, 
8.5 - 9.0 sub-angular to sub-rounded, well 
9.0 - 9.5 sorted, qtz
9.5 - 10.0
10.0 - 10.5
10.5 - 11.0 LIGNITE AND CLAY Black lignite with pale grey and 
11.5 - 12.0 brown clay
12.0 - 12.5
12.5 - 13.0
13.0 - 13.5
13.5 - 14.0
14.0 - 14.5
14.5 - 15.0 @15m: sulphorous odour
15.0 - 15.5
15.5 -16.0 SAND  Pale grey, fine to coarse g., mod.
16.0 - 16.5 sorted, sub-angular qtz,  ?mica
16.5 - 17.0 @16m: rods drop 0.5m, loose sand
17.0 - 17.5 @17m: sulphorous odour
17.5 - 18.0 ?Calcernite/?Lignite Poor recovery and hard drilling,
18.0 - 18.5 lignite and small fragments of pale 
18.5 - 19.0 grey to orange bown moderately
19.0 - 19.5  cemented material
19.5 - 20.0
20.0 - 20.5
20.5 - 21.0
21.0 - 21.5 EOH 21.0m
21.5 - 22.0
BH5D (abandoned)
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Bore Construction Log
Address: Cranbourne Racecoarse, Cranbourne
Date: 6/07/2016
Coordinates: 349310E
Drilling technique: Solid auger & wash boring , 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 1 TOP SOIL brown, f-m sand, poorly sorted
1 -2 SAND orange-brown, medium grained,
2 - 3 moderately sorted
3 - 4
4 - 5 CLAY orange-brown to pale grey, 
5 - 6 variably soft to stiff
6 - 7
7 - 8
8 - 9 SAND grey, v. coarse, rounded, qtz
9 - 10 Clayey SAND pale grey, coarse, v poorly sorted
10 - 11
11 - 12
12  - 13
13 - 14 SAND grey, coarse rounded, well sorted,
14 - 15 qtz
15 -16
16 - 17
17 - 18 clay band ~0.2m
 18 - 19
 19 - 20
20 - 21
21 - 22
22 - 23
23 - 24
24 - 25
25 - 26 very coarse, angular
26 - 27 ?SILSTONE red, clay-silt, hard (refusal)
27 - 28 EOH 27m
28  - 29
29 - 30
30 - 31
31 - 32
32 - 33
33 - 34
34 - 35
35 - 36
36 -37
37 - 38
38 - 39
39 - 40
40 - 41
41 - 42
42 - 43
BH6
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Bore Construction Log
Address: Linsell Blvd, Cranbourne East
Date: 9/01/2014
Coordinates: 353339E
Drilling technique: Solid auger, 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOPSOIL Grey, silty sand
0.5 - 1.0 CLAY (XW BASALT) Brown, stiff , dry
1.0 - 1.5
1.5 - 2.0
2.0 - 2.5
2.5 - 3.0
3.0 - 3.5
3.5 - 4.0
4.0 - 4.5 dry @ 4m
4.5 - 5.0
5.0 - 5.5 becoming moist @ 5m
5.5 -6.0 wet @ 5.5m
6.0 - 6.5
6.5 - 7.0
7.0 - 7.5
7.5 - 8.0
8.0 - 8.5
8.5 - 9.0
9.0 - 9.5
9.5 - 10.0
10.0 - 10.5
10.5 - 11.0
11.5 - 12.0
12.0 - 12.5
12.5 - 13.0
13.0 - 13.5
13.5 - 14.0
14.0 - 14.5
14.5 - 15.0
15.0 - 15.5
15.5 -16.0
16.0 - 16.5
16.5 - 17.0
17.0 - 17.5
17.5 - 18.0
18.0 - 18.5
18.5 - 19.0
19.0 - 19.5
19.5 - 20.0
20.0 - 20.5
20.5 - 21.0
21.0 - 21.5
21.5 - 22.0 
22.0 - 23.0
23.0 - 23.5
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Bore Construction Log
Address: Linsell Blvd, Cranbourne East
Date: 9/01/2014
Coordinates: 353347E
Drilling technique: Solid auger, 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOPSOIL Grey, silty sand
0.5 - 1.0 CLAY (XW BASALT) Brown, stiff , dry
1.0 - 1.5
1.5 - 2.0
2.0 - 2.5
2.5 - 3.0
3.0 - 3.5
3.5 - 4.0
4.0 - 4.5 dry @ 4m
4.5 - 5.0
5.0 - 5.5 becoming moist @ 5m
5.5 -6.0 pale grey; wet @ 5.5m
6.0 - 6.5
6.5 - 7.0
7.0 - 7.5
7.5 - 8.0
8.0 - 8.5
8.5 - 9.0
9.0 - 9.5
9.5 - 10.0
10.0 - 10.5
10.5 - 11.0
11.5 - 12.0
12.0 - 12.5
12.5 - 13.0
13.0 - 13.5
13.5 - 14.0
14.0 - 14.5
14.5 - 15.0
15.0 - 15.5
15.5 -16.0
16.0 - 16.5
16.5 - 17.0
17.0 - 17.5
17.5 - 18.0
18.0 - 18.5
18.5 - 19.0
19.0 - 19.5
19.5 - 20.0
20.0 - 20.5
20.5 - 21.0
21.0 - 21.5
21.5 - 22.0 
22.0 - 23.0
23.0 - 23.5
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Bore Construction Log
Address: Carmen St, Cranbourne
Date: 9/07/2016
Coordinates: 350051E
Drilling technique: Solid auger & wash boring , 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOPSOIL Brown, sandy, poorly sorted
0.5 - 1.0 CLAY dark brown, stiff
1.0 - 1.5
1.5 - 2.0
2.0 - 2.5 CLAY brown to pale grey, silty, dry
2.5 - 3.0 XW Basalt
3.0 - 3.5
3.5 - 4.0
4.0 - 4.5
4.5 - 5.0
5.0 - 5.5
5.5 -6.0
6.0 - 6.5
6.5 - 7.0
7.0 - 7.5
7.5 - 8.0
8.0 - 8.5
8.5 - 9.0
9.0 - 9.5
9.5 - 10.0
10.0 - 10.5 Clayey SAND brown, m-vc g, clayey, poorly 
10.5 - 11.0 sorted, moist, sub-ang.-sub 
11.5 - 12.0 rounded, qtz
12.0 - 12.5 CLAY pale grey to brown, stiff, moist
12.5 - 13.0 Clayey SAND pale brown, very fine to medium
13.0 - 13.5 grained, very poorly sorted, 
13.5 - 14.0 angular, qtz
14.0 - 14.5
14.5 - 15.0
15.0 - 15.5
15.5 -16.0
16.0 - 16.5 EOH 16m
16.5 - 17.0
17.0 - 17.5
17.5 - 18.0
18.0 - 18.5
18.5 - 19.0
19.0 - 19.5
19.5 - 20.0
20.0 - 20.5
20.5 - 21.0
21.0 - 21.5
21.5 - 22.0 
22.0 - 23.0
23.0 - 23.5
BH9
5779935N
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Bore Construction Log
Address: Botanic Drive, Cranbourne
Date: 9/07/2016
Coordinates: 349770E
Drilling technique: Solid auger & rotary air, 150 mm diameter
Logged by: BH
Depth (m) Lithology Description
0 - 0.5 TOP SOIL dark brown, sandy
0.5 - 1.0
1.0 - 1.5 CLAY dark brown, stiff
1.5 - 2.0 SAND brown, f-c grained, mod. sorted
2.0 - 2.5 dry
2.5 - 3.0
3.0 - 3.5
3.5 - 4.0
4.0 - 4.5
4.5 - 5.0 XW SILTSTONE pale grey, silt and clay, dry
5.0 - 5.5
5.5 -6.0
6.0 - 6.5
6.5 - 7.0 orange-brown
7.0 - 7.5
7.5 - 8.0
8.0 - 8.5 MW SILSTONE light grey, rock chips in sample
8.5 - 9.0
9.0 - 9.5
9.5 - 10.0
10.0 - 10.5
10.5 - 11.0
11.5 - 12.0
12.0 - 12.5
12.5 - 13.0
13.0 - 13.5
13.5 - 14.0 damp @ 14.0m
14.0 - 14.5 hard @ 14.3m
14.5 - 15.0
15.0 - 15.5 EOH 15m
15.5 -16.0
16.0 - 16.5
16.5 - 17.0
17.0 - 17.5
17.5 - 18.0
18.0 - 18.5
18.5 - 19.0
19.0 - 19.5
19.5 - 20.0
20.0 - 20.5
20.5 - 21.0
21.0 - 21.5
21.5 - 22.0 
22.0 - 23.0
23.0 - 23.5
BH10
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Appendix 2 
 
Hydraulic conductivity tests 
  
Initial Dtw = 6.90mbtoc
T = (2.303 x Q) / (4 x π x Δs)
T 6.8 m2/d
K 1.13 m/d
Q 0.11 l/sec
Q 10 kl/day
Δs 0.26 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
0
0.5
1
1.5
2
2.5
1 10 100
Re
si
du
al
 D
ra
w
do
w
n 
(m
)
corrected time (t/t')
BH1 Recovery Test                               
Starting dtw = 14.45m
T = (2.303 x Q) / (4 x π x Δs)
T 0.038 m2/d
K 0.006 m/d
Q 0.05 l/sec
Q 4 kl/day
Δs 20 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
0
1
2
3
4
5
6
7
8
9
1.00 10.00 100.00
Re
si
du
al
 D
ra
w
do
w
n 
(m
)
Corrected time (t/t')
BH2 Recovery Test                             
Starting dtw = 15.57m
T = (2.303 x Q) / (4 x π x Δs)
T 9.8 m2/d
K 0.82 m/d
Q 0.09 l/sec
Q 8 kl/day
Δs 0.15 m
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.00 10.00 100.00
Re
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al
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w
do
w
n 
(m
)
Corrected Time (t/t')
B126975 Recovery Test                               
starting dtw 5.52m
T = (2.303 x Q) / (4 x π x Δs)
T 0.09 m2/d
K 0.031 m/d
Q 0.05 l/sec
Q 4 kl/day
Δs 8 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
0
1
2
3
4
5
6
7
8
9
10
1.00 10.00 100.00
Re
si
du
al
 D
ra
w
do
w
n 
(m
)
Corrected time (t/t')
BH3S Recovery Test                               
starting dtw 5.80, final dtw 6.03 at 1422
180L over 27 min
T = (2.303 x Q) / (4 x π x Δs)
T 8.8 m2/d
K 2.93 m/d
Q 0.11 l/sec
Q 10 kl/day
Δs 0.2 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
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w
n 
(m
)
Corrected time (t/t')
BH3D Recovery Test                               
Initial dtw = 3.42 mbtoc
T = (2.303 x Q) / (4 x π x Δs)
T 0.4 m2/d
K 0.15 m/d
Q 0.06 l/sec
Q 5 kl/day
Δs 2 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
0
0.5
1
1.5
2
2.5
3
3.5
1.00 10.00 100.00
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do
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(m
)
Corrected Time (t/t')
BH4S Recovery Test                               
T = (2.303 x Q) / (4 x π x Δs)
T 0.74 m2/d
K 0.25 m/d
Q 0.16 l/sec
Q 13 kl/day
Δs 3.3 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
1.00 10.00 100.00 1000.00
Re
si
du
al
 D
ra
w
do
w
n 
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)
Corrected time (t/t')
BH4D Recovery Test                               
initial dtw = 2.55m
T = (2.303 x Q) / (4 x π x Δs)
T 0.08 m2/d
K 0.025 m/d
Q 0.02 l/sec
Q 1 kl/day
Δs 3.5 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
0
0.5
1
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3
3.5
4
1.00 10.00 100.00
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do
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(m
)
Corrected Time (t/t')
BH5 Recovery Test                               
Initial WL = 3.09mbtoc
T = (2.303 x Q) / (4 x π x Δs)
T 0.30 m2/d
K 0.10 m/d
Q 0.07 l/sec
Q 6 kl/day
Δs 3.5 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
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BH7 Recovery Test                           
Initial dtw = 2.57mbtoc
T = (2.303 x Q) / (4 x π x Δs)
T 0.19 m2/d
K 0.06 m/d
Q 0.07 l/sec
Q 6 kl/day
Δs 5.5 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
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BH8 Recovery Test                               
T = (2.303 x Q) / (4 x π x Δs)
T 1.3 m2/d
K 0.44 m/d
Q 0.07 l/sec
Q 6 kl/day
Δs 0.8 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
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BH9 Recovery Test                               
T = (2.303 x Q) / (4 x π x Δs)
T 0.21 m2/d
K 0.07 m/d
Q 0.06 l/sec
Q 5 kl/day
Δs 4.8 m
Theis's Recovery Method (1935)
described in Kruseman and deRidder (2000, p. 194)
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BH10 Recovery Test                               
Appendix 3 
 
Tabulated water quality data 
  
STATION AQUIFER EASTING NORTHING top screen 
(m)
bottom 
screen (m)
DATE Ca 
(mg/L)
Mg (mg/L) Na (mg/L) K 
(mg/L)
CO3 
(mg/L)
HCO3 
(mg/L)
Cl 
(mg/L)
SO4 
(mg/L)
TDS 
(mg/L)
NO3 
(mg/L)
57177 QA 355012.2 5779395.1 3.0 3.4 23-04-80 51 124 826 2 18.5 369 1488 57 3283 0.2
57178 LTA 348313.2 5779264.1 22.5 28.5 19-12-91 10 18 84 1.9 7.3 146 130 2 390 -
57179 QA 348360.4 5779608.9 6.0 12.0 19-12-91 4.3 18 150 3.4 1.0 20 300 67 495 -
57180 QA 348249.4 5779133.7 0.5 12.0 25-11-91 1.5 5.7 100 3.8 0.7 15 130 50 256 -
57182 BSE 348653.2 5779064.1 0.0 93.0 09-10-87 6.4 7.4 45 2.5 4.8 95 34 4.6 191 -
57225 UTAF 354738.2 5778242.1 38.1 38.7 05-06-79 43 125 329 4 29 323 732 1 1840 -
57226 UTAF 356025.2 5779536.1 0.0 36.6 05-06-79 128 181 671 7 18.4 367 1555 64 3445 -
57227 UTAF 356613.2 5781384.1 0.0 0.0 30-04-80 194 384 1214 8 5.5 110 3120 144 6078 -
57242 UTAF 357306.2 5781469.1 0.0 0.0 29-05-81 7 3 13 2 1.0 19 21 16 103 0.2
57317 LTA 350362.2 5778822.1 5.8 13.1 14-12-70 9 5 31 2 2.6 51 56 2 223 24.6
57321 LTA 351893.2 5780544.1 0.0 17.4 12-07-79 11 17 83 1 4 106 130 1 442 -
57331 BSE 355904.2 5779774.1 0.0 106.7 16-11-73 130 302 1180 4 5.0 100 2864 75 5525 -
57332 LTA 352127.2 5780163.1 15.0 18.0 16-03-76 21 27 129 2 8.8 175 217 4 624 -
57333 LTA 351977.2 5779924.1 20.7 24.7 24-05-74 16 21 99 2 10.1 201 130 3 461 -
57335 QA 356167.2 5783373.1 9.1 11.3 28-06-74 49 362 2037 3 3.1 61 4146 154 7859 -
57338 LTA 352053.2 5780575.1 11.9 13.4 08-08-74 10 25 120 2 2.7 53 239 12 577 -
57339 OV 351775.2 5780210.1 6.1 12.2 09-01-75 13 16 89 2 5.4 107 139 2 404 -
57342 UTAF 356931.2 5779245.1 21.3 25.6 15-01-75 98 176 930 4 15.1 301 1885 84 4111 -
57343 LTA 351990.2 5781393.1 6.3 9.5 21-11-80 26 86 327 2 3.0 60 727 38 1560 0.5
57344 OV 352094.2 5780123.1 0.0 24.4 30-05-75 19 26 135 2 7 172 213 1 637 -
57345 LTA 351967.2 5780598.1 8.0 9.2 25-03-75 46 44 116 2 6 143 294 16 787 -
57347 LTA 352199.2 5779896.1 8.8 27.1 14-09-75 29 28 143 2 7 200 218 17 691 -
57351 LTA 353158.2 5779725.1 19.5 32.0 16-03-76 103 186 432 8 11.7 234 1259 34 2542 -
57352 LTA 352056.2 5780493.1 11.0 13.5 07-05-76 15 26 109 2 5.9 118 205 4 559 -
57353 UMTA 355872.2 5779214.1 0.0 30.8 15-01-75 192 368 1246 8 8.7 174 3175 164 6243 -
57355 BSE 358413.2 5782164.1 0.0 108.3 29-08-75 113 148 985 19 17.3 345 1916 116 4173 -
57356 BSE 358653.2 5782194.1 50.0 63.7 24-09-75 22 49 380 12 5.3 106 676 39 1586 -
57357 QA 358213.2 5782384.1 3.0 13.0 19-11-75 23 40 159 4 0.2 3 268 198 728 -
57358 LTA 352133.2 5780464.1 9.0 11.0 07-05-76 12 26 116 2 6.5 130 200 7 559 -
57359 LTA 351113.2 5779964.1 6.1 18.3 11-06-76 29 24 78 2 7 134 135 2 478 6.5
57361 LTA 352133.2 5780764.1 10.1 10.7 12-08-76 10 17 65 2 3.6 72 125 3 354 1.1
57363 LTA 352333.2 5781604.1 6.7 8.5 21-03-77 17 31 118 1 4.8 95 240 6 627 -
57366 OV 352674.2 5779805.1 0.0 31.4 06-10-77 23 36 164 2 25 185 258 11 754 -
57368 LTA 351933.2 5781024.1 11.0 13.6 09-05-77 17 36 119 2 5.4 107 247 16 657 -
57370 UMTA 354519.2 5778481.1 27.4 41.1 04-05-77 40 101 304 3 14 356 603 15 1541 1.8
57372 LTA 351784.2 5780326.1 10.0 12.5 28-09-77 11 18 91 1 4.4 88 158 4 419 -
57373 LTA 352093.2 5780904.1 6.7 14.5 27-10-77 14 23 168 1 7.8 155 257 7 676 -
57374 LTA 351873.2 5780844.1 15.0 15.8 09-02-78 7 16 67 2 2.2 44 132 4 351 0.5
STATION AQUIFER EASTING NORTHING top screen 
(m)
bottom 
screen (m)
DATE Ca 
(mg/L)
Mg (mg/L) Na (mg/L) K 
(mg/L)
CO3 
(mg/L)
HCO3 
(mg/L)
Cl 
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(mg/L)
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(mg/L)
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(mg/L)
57375 LTA 352298.2 5781166.1 15.0 16.6 09-02-78 5 15 70 2 3.1 61 124 2 345 -
57376 LTA 352033.2 5780220.1 13.0 15.0 03-05-79 17 23 113 2 5.1 101 208 17 559 -
57377 LTA 351893.2 5780964.1 12.0 13.8 09-02-78 5 17 80 2 2.1 41 154 7 390 -
57378 OV 353266.2 5779830.1 20.1 37.2 06-04-77 48 93 282 4 42 165 620 25 1463 -
57379 LTA 352143.2 5780407.1 8.5 10.9 06-02-78 24 29 107 2 10 153 184 6 588 -
57380 LTA 352004.2 5780700.1 8.8 10.1 16-12-77 17 37 108 2 3.8 75 257 1 631 -
57384 LTA 352253.2 5780559.1 20.5 23.5 05-02-79 43 166 908 1 3.3 65 1869 113 3868 -
57385 LTA 358907.2 5778482.1 38.0 38.7 01-12-78 54 125 1366 7 24.5 489 2099 118 4804 44.0
57388 LTA 351917.2 5780995.1 9.5 12.0 21-11-80 14 39 103 1 5 81 234 3 559 1.4
57389 LTA 353208.2 5779940.1 20.0 28.0 26-11-80 96 194 429 4 15 182 1232 29 2600 0.2
57393 LTA 352178.2 5780331.1 9.0 11.0 06-12-80 15 30 123 1 2 104 242 4 650 -
57395 LTA 351940.2 5781250.1 11.0 12.8 07-12-80 30 95 277 2 3.4 68 681 32 1463 -
57397 LTA 352178.2 5780272.1 8.5 10.7 13-01-81 18 27 122 2 7.0 140 211 2 605 -
57401 LTA 352033.2 5779984.1 16.0 18.4 17-03-81 18 23 98 2 6 171 137 10 468 -
57402 LTA 352173.2 5781044.1 9.5 12.5 15-01-81 15 31 91 1 4.2 83 195 8 520 1.1
57403 LTA 351906.2 5780894.1 10.0 11.9 29-11-80 10 37 110 1 3.8 76 238 7 559 0.5
57404 LTA 352108.2 5781068.1 8.8 12.5 01-06-81 13 33 110 1 4.0 79 236 2 598 0.2
57406 LTA 352262.2 5780942.1 12.0 14.0 27-04-81 12 24 91 1 4.1 82 173 4 4550 0.9
57407 LTA 351855.2 5780531.1 11.7 13.1 03-03-82 12 18 76 1 4.3 86 144 2 390 0.5
57408 LTA 352084.2 5781467.1 8.5 9.2 21-09-81 24 72 207 2 3.2 63 529 25 1170 0.5
57412 OV 352853.2 5779684.1 11.0 13.2 02-02-82 35 64 262 2 9.4 188 540 7 1268 0.2
57413 LTA 352193.2 5781124.1 16.8 18.6 31-03-82 9 21 83 2 3.3 66 159 9 423 0.2
57417 LTA 351313.2 5780244.1 12.2 14.2 04-10-82 7 13 58 1 2.3 46 111 2 299 0.9
57425 LTA 352175.2 5781317.1 12.2 15.7 27-09-82 14 37 127 1 4.1 82 284 7 696 -
57443 LTA 352113.2 5781224.1 10.0 11.5 18-10-86 11 31 120 0.9 4.1 82 250 6.3 496 -
57448 LTA 351940.2 5781090.1 11.0 12.6 04-08-84 16 47 160 0.9 4.5 90 340 7.3 655 -
57449 UTAF 357413.2 5779284.1 18.0 22.0 26-03-84 180 310 870 1.7 12.2 244 2400 86 4006 -
57451 LTA 349063.2 5780231.1 21.3 27.4 08-05-84 1.1 5.4 35 1 0.8 16 62 2.9 123 -
57453 OV 353920.2 5779441.1 20.5 41.8 03-07-84 150 300 710 7.8 12.2 244 2100 21 3512 -
57454 LTA 352313.2 5780834.1 8.9 11.9 16-05-84 18 19 70 0.8 4.5 89 120 4.5 326 -
57455 LTA 352398.2 5781424.1 20.0 21.6 11-05-84 5.9 16 95 0.8 3.8 76 150 7.4 344 -
57456 LTA 352788.2 5781325.1 14.0 18.0 02-07-84 4.1 14 130 0.1 1.5 30 220 19 399 -
57462 UTAF 358073.2 5780684.1 28.5 30.4 02-01-85 130 290 980 5.2 15.9 317 2200 110 3923 -
57463 LTA 351833.2 5780604.1 9.0 16.8 18-12-84 17 30 110 0.9 4.2 84 210 4.3 453 -
57464 LTA 351843.2 5780274.1 10.0 12.9 16-11-84 18 21 98 0.5 5.9 118 160 3.8 417 -
57465 LTA 352033.2 5780224.1 15.0 19.0 25-10-88 9.7 10 54 1.6 5.8 116 40 6.7 234 -
57467 LTA 352033.2 5780034.1 12.0 16.5 12-04-85 19 24 120 0.4 7.3 146 180 4.2 490 -
57468 OV 357093.2 5782604.1 36.0 46.0 30-07-85 28 120 1100 3 7.3 146 2000 130 3398 -
STATION AQUIFER EASTING NORTHING top screen 
(m)
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screen (m)
DATE Ca 
(mg/L)
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(mg/L)
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57469 LTA 352133.2 5780744.1 8.5 10.0 10-04-85 25 32 85 1.2 5.3 106 190 5.6 449 -
57475 LTA 351953.2 5781304.1 12.0 13.4 06-12-85 21 58 150 2 2.9 57 410 14 700 -
57476 BSE 353016.2 5781967.1 0.0 61.0 05-06-79 23 25 103 2 6.1 121 206 1 579 -
57480 UTAF 357863.2 5779234.1 27.0 30.0 26-05-86 120 170 520 3.5 9.8 195 1300 62 2309 -
57482 LTA 352013.2 5780434.1 11.0 12.0 25-01-87 9.8 20 75 1.3 3.7 73 150 3.6 330 -
57483 LTA 347913.2 5779584.1 53.0 60.0 12-11-86 5.9 5.7 59 1.4 5.9 117 50 1.8 240 -
57484 LTA 352513.2 5780384.1 14.0 15.5 28-11-86 10 21 80 1.1 3.8 76 150 5 343 -
57485 LTA 353013.2 5781984.1 16.0 17.5 21-11-86 9 20 73 1.3 2.7 55 150 7.4 311 -
57486 LTA 353013.2 5781384.1 19.0 20.7 16-04-87 4.8 16 88 0.9 3.4 68 140 3.7 319 -
57487 LTA 352313.2 5780884.1 11.0 12.2 30-01-87 11 22 84 1.2 3.9 78 160 4.7 361 -
57488 OV 354513.2 5779684.1 24.7 37.2 16-10-86 130 260 700 7.6 12.2 244 2000 22 3342 -
57489 LTA 352263.2 5781434.1 9.0 9.8 12-02-87 16 7.8 34 1 6.0 120 22 1 215 -
57491 LTA 352303.2 5781394.1 14.0 17.0 17-04-87 15 47 150 1 4.0 80 330 16 625 -
57493 LTA 352263.2 5780584.1 37.5 39.5 11-03-88 28 24 110 3.6 14.0 280 130 2.9 577 -
57499 LTA 351793.2 5779974.1 17.0 19.2 30-12-88 20 25 110 0.7 8.5 171 180 4.2 507 -
76206 QA 348144.3 5779714.3 0.1 10.0 25-11-91 180 170 420 160 109.8 2195 710 2100 3836 -
76207 QA 348063.2 5779104.1 2.5 9.0 21-11-90 1.6 3.6 21 1 0.5 11 40 2.5 78 -
76208 LTA 348093.2 5779224.1 7.5 13.5 25-11-91 8.7 29 40 3.1 5.5 111 81 3.6 273 -
76209 LTA 348113.2 5779304.1 9.0 15.0 02-12-88 13 260 430 0.5 67.1 1341 610 260 2656 -
76210 QA 348004.7 5779001.7 0.1 6.0 25-11-91 0.5 1.2 16 1 0.1 1 29 2.8 49 -
76381 QA 347838.2 5779156.1 3.7 9.8 17-02-78 4 6 42 8 4.8 95 41 1 196 1.8
91074 UTAF 357927.5 5776878.4 32.0 33.0 16-08-83 160 170 770 3 25.0 500 1600 49 3204 -
91075 OV 354037.2 5777838.6 25.5 29.0 17-08-83 180 380 800 6 18.3 366 2300 31 4034 -
91080 QA 348221.3 5778731.2 3.5 9.5 13-11-91 0.5 2.5 22 0.7 0.6 12 29 8.8 67 -
91081 QA 348247.3 5778706.9 4.5 10.5 22-06-09 15 27 21 2 0.0 30 24 315 0.0
91299 OV 351495.2 5776154.1 12.2 45.7 05-03-92 14 7.9 100 1 3.8 77 73 15 273 5.9
91586 UTAF 354943.2 5777544.1 17.7 21.6 19-11-70 64 102 431 3 16 409 823 23 1311 -
91594 UTAF 358231.2 5777227.1 28.0 35.1 03-03-80 271 240 933 5 20.6 411 2331 131 735 1.1
91616 UMTA 353247.2 5777211.1 15.2 25.9 09-12-73 62 121 372 4 19.4 387 800 44 1335 1.1
91617 BSE 348987.2 5775378.1 17.4 19.5 22-09-72 134 345 1569 9 10.4 207 3451 156 4424 -
91624 UTAF 354130.2 5776607.1 6.7 14.6 09-01-75 41 46 305 1 19.9 397 387 85 796 -
91627 UTAF 354281.2 5776453.1 13.1 14.3 07-02-75 110 80 303 2 17.6 352 700 13 1115 -
91630 UMTA 353367.2 5776785.1 15.2 22.9 16-03-76 94 172 421 4 12 252 1123 24 1576 1.8
91634 LTA 350702.2 5778230.1 8.5 13.4 07-06-76 3 5 34 8 1.8 36 48 24 124 -
91636 UTAF 357184.2 5776879.1 20.4 22.9 10-11-76 63 99 440 15 24.9 497 794 17 1297 -
91644 UMTA 353213.2 5777284.1 10.0 40.0 04-11-76 100 192 498 4 17.0 339 1274 69 1796 4.7
91653 UTAF 358581.2 5777233.1 25.0 29.7 01-12-78 210 243 955 5 18.0 359 2260 107 2936 -
91669 QA 352045.2 5776430.1 6.3 10.8 19-01-81 3 13 53 1 2.2 44 100 3 175 -
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91673 BSE 350713.2 5774574.1 11.0 12.5 19-10-81 100 246 1354 2 9.8 196 2740 156 3443 0.2
91675 BSE 352967.2 5776324.1 12.8 30.5 17-01-81 31 82 364 3 4.4 87 778 18 1120 2.0
91683 BSE 348193.2 5775244.1 12.0 14.5 02-10-82 96 330 2030 7 12.4 247 3960 294 4943 0.2
91685 UMTA 353233.2 5777384.1 13.3 30.8 13-09-82 95 203 416 4 16 333 1130 40 1648 4.1
91686 BSE 350273.2 5774684.1 0.0 13.6 15-09-82 189 426 1980 3 10.5 210 4370 268 5324 0.2
91691 OV 352733.2 5775824.1 1.5 30.5 21-02-82 17 51 269 2 6.7 133 500 8 761 0.2
91707 UTAF 351933.2 5776684.1 0.0 24.0 04-07-83 130 180 1700 20 39.6 793 2500 300 5324 -
91725 OV 351693.2 5776004.1 11.1 14.3 27-11-84 3.6 14 45 0.8 0.6 12 84 2.9 195 -
91752 UTAF 358413.2 5776584.1 13.5 16.8 25-11-87 150 150 700 2.4 17.7 354 1500 85 2857 -
91753 UTAF 358513.2 5776684.1 14.5 20.4 28-04-88 150 150 710 1.8 16.5 329 1500 90 2842 -
91754 UTAF 358613.2 5776784.1 15.0 20.1 29-04-88 48 43 230 1.7 6.7 134 450 28 908 -
91755 OV 351913.2 5776784.1 17.0 22.7 16-02-88 3.9 10 39 2 1.8 37 70 2.9 162 -
111937 LTA 352173.2 5780424.1 12.0 15.5 17-01-92 33 71 180 1.5 4.3 87 490 15 862 -
305283 LTA 350652.2 5779223.1 0.0 0.0 14-07-71 55 84 680 4 14.7 294 1185 71 2646 -
WRK041405      BSE 349353.2 5779084.1 0.0 0.0 10-02-89 10 10 31 1.6 6.1 122 25 1.3 200 -
WRK041406      LTA 352670.2 5779858.1 0.0 0.0 05-06-79 51 83 235 6 9.6 191 567 9 1365 0.2
WRK041412      LTA 355040.2 5779718.1 0.0 0.0 05-03-92 87 210 860 8 15.9 317 2000 56 3482 -
WRK041419      OV 356707.2 5780930.1 0.0 0.0 05-05-78 206 372 671 8 13.3 265 2223 129 4420 -
WRK041429      BSE 350164.2 5779036.1 0.0 0.0 03-06-85 13 11 46 3.2 7.9 159 40 1.1 254 -
WRK041631      QA 350930.2 5777571.1 0.0 13.7 07-06-79 34 19 53 25 0.2 3 96 52 507 32.3
WRK041633      UTAF 353072.2 5775107.1 0.0 0.0 30-11-78 9 6 46 2 1.9 37 78 2 233 0.9
WRK041638      UTAF 352855.2 5775221.1 0.0 0.0 05-06-79 80 42 268 1 6.2 123 583 35 1394 0.7
WRK041639      UMTA? 354962.2 5776232.1 0.0 0.0 07-06-79 112 99 342 2 27 338 797 14 1937 -
WRK041644      OV? 353744.2 5776926.1 0.0 0.0 06-06-79 71 55 267 2 14 312 488 26 1352 1.8
WRK041656      OV 352878.2 5776740.1 0.0 17.0 12-03-71 38 79 334 2 12.1 241 649 20 1552 6.8
WRK041661      LTA 353691.2 5777270.1 0.0 0.0 15-01-75 79 162 429 3 14 287 1097 12 2379 -
WRK041662      UMTA 353497.2 5776234.1 0.0 0.0 04-08-75 93 89 304 2 16 247 716 17 1729 0.9
WRK041664      OV 353132.2 5776854.1 0.0 0.0 03-09-76 92 171 365 4 12 143 1064 26 2373 18.1
WRK041669      LTA 352960.2 5777869.1 0.0 0.0 28-02-82 78 151 351 7 12.8 256 930 28 1138 2.5
WRK041671      OV 354038.2 5777716.1 0.0 0.0 26-05-85 120 300 660 5.8 18.9 378 1800 44 3265 -
Appendix 4 
 
Technical paper and conference presentations 
  
Technical Paper (co-author) 
Han, DM, Currell, MJ, Cao, G & Hall, B 2017, ‘Alterations to groundwater recharge due to 
anthropogenic landscape change’. Journal of Hydrology 554: 545-557 (attached). 
  
Journal of Hydrology 554 (2017) 545–557Contents lists available at ScienceDirect
Journal of Hydrology
journal homepage: www.elsevier .com/ locate / jhydrolResearch papersAlterations to groundwater recharge due to anthropogenic landscape
changehttps://doi.org/10.1016/j.jhydrol.2017.09.018
0022-1694/ 2017 Elsevier B.V. All rights reserved.
⇑ Corresponding author.
E-mail address: handm@igsnrr.ac.cn (D. Han).Dongmei Han a,⇑, Matthew J. Currell b, Guoliang Cao c, Benjamin Hall b
aKey Laboratory of Water Cycle & Related Land Surface Processes, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing
100101, China
b School of Engineering, RMIT University, Melbourne, Victoria 3001, Australia
c State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of Water Resources and Hydropower Research, Beijing 100038, China
a r t i c l e i n f o a b s t r a c tArticle history:
Available online 21 September 2017
Keywords:
Groundwater recharge
Land use change
Urbanization
Agricultural irrigation
Beijing
MelbourneThe impacts of anthropogenic modifications to the landscape on groundwater recharge rates, locations,
and mechanisms are reviewed. The two major categories of change examined are conversion of land
for agriculture and urbanization, both of which have significant effects on groundwater recharge.
Techniques for identifying and quantifying the changes in recharge due to these impacts are discussed.
Land-clearing for agriculture and surface water transfer for irrigation have resulted in order of magnitude
increases in recharge rates in many semi-arid regions worldwide, causing ongoing land and water salin-
ization and water-logging problems. While increased recharge by irrigation return flow may alleviate
shallow groundwater depletion in some settings, this is complicated by the effect of unsaturated zone
thickening, which reduces the fraction of potential recharge becoming actual recharge, and may result
in new water quality risks such as nitrate contamination. Expansion of urban and peri-urban land and
their associated surface and sub-surface infrastructure results in complex water balance changes that
re-distribute groundwater recharge locations, modify recharge mechanism(s) and result in variable
impacts on recharge rates (e.g., overall net decrease, increase or minimal change) and quality. While
changes to groundwater recharge resulting from conversion of land for agriculture are relatively well
understood, less is documented about the changes resulting from urbanization, due to a paucity of data
from field-based studies. Two case studies from Beijing, China and Melbourne Australia are examined,
which highlight these impacts and demonstrate some potential methodological techniques for this topic.
 2017 Elsevier B.V. All rights reserved.1. Introduction
It is widely recognized that both anthropogenic climate change
and land-use change threaten the world’s available freshwater
resources (Vorosmarty et al., 2000; Beigi and Tsai, 2015). Ground-
water is the primary source of water for more than 1.5 billion peo-
ple worldwide (Clarke et al., 1996), and recharge plays a major role
in controlling groundwater availability. Recharge is a critical water
balance term that is required to evaluate sustainable extraction
rates and assess aquifer vulnerability to contamination (Alley
et al., 2002; Scanlon et al., 2002). Owing to increasing population,
agricultural development and expansion of urban land area, the
amounts, locations and timing of surface runoff, groundwater
recharge and discharge are being increasingly modified worldwide.
Changes in groundwater recharge processes can directly andindirectly affect the surrounding eco-environment in many ways.
Due to the complexity of recharge processes and difficulty in accu-
rately quantifying recharge even in relatively un-disturbed settings
(e.g., de Vries and Simmers, 2002; Ordens et al., 2012; Beigi and
Tsai, 2015), evaluating changes driven by anthropogenic activities,
and the associated implications for processes like aquifer deple-
tion, land subsidence and land and water salinization are major
scientific challenges. This is further complicated by the time-lags
that typically characterize groundwater systems’ responses to
hydrological change at the surface (e.g. Schwartz et al., 2010;
Simpson et al., 2013; Currell et al., 2016), and feedbacks between
changes in recharge and other components of the eco-
hydrological system (Peterson et al., 2009).
Analysis and evaluation of the effects of human-induced activ-
ities on recharge processes and rates is required to effectively
understand, model and manage groundwater systems (e.g.,
Robins, 1998; Delin et al., 2007; Healy, 2010; Rawling and
Newton, 2016). Groundwater recharge should be considered a
Table 1
Major land-use categories within agricultural and urban areas and some common
implications for groundwater recharge.
Land use
category
Sub-category Potential consequences for
recharge
Agricultural
Dry-land
(rain-fed)
Rain-fed cropland (e.g.
cereals, hay, oilseeds)
Crops with shallow roots may
replace deeper rooted native
vegetation, reducing ET
Livestock grazing (e.g.
grasses, pasture
legumes, fodder plants)
As above; grazing also modifies
soil structure and reduces
vegetation cover density.
Infiltration may increase
Perennial horticulture
(e.g. tree fruits)
Introduction of non-native
perennial species changes
proportion of rainfall recharge
Irrigated Irrigated cropping (e.g.
maize, cotton, rice)
Irrigated crops and pasture
generally increase drainage below
root zone; water balance highly
modified through imported
irrigation water or local water
extraction. Water tables may rise
rapidly
Irrigated pasture (e.g.
dairy farming)
Perennial Horticulture Horticultural crops may have
546 D. Han et al. / Journal of Hydrology 554 (2017) 545–557hydrologic input to a complex social-ecological system that can
both positively and negatively affect human wellbeing (Booth
et al., 2016). This review paper focuses on the impacts of anthro-
pogenic alterations of the landscape on groundwater recharge
rates, mechanisms and quality. The main categories of change
examined are land-use change including land-clearing, crop plant-
ing and irrigation for agriculture, and conversion of agricultural or
other land types for urbanization. The impacts of anthropogenic
climate change on groundwater recharge are the topic of other
reviews (e.g., Green et al., 2011), and as such are not covered in this
paper. Flow-on effects (e.g. on catchment water balances and
water quality) that may result from changes in recharge due to
land-use change are also discussed, followed by methods for
detecting and characterizing the changes. Two case studies are
examined in detail, highlighting processes, methods and chal-
lenges involved in assessing and quantifying impacts of land-use
conversion for urbanization – a topic of growing worldwide inter-
est. This paper is largely focused on semi-arid and arid regions, due
to the great importance of groundwater in these regions world-
wide, and because recharge processes are relatively well-studied
in these areas (e.g. Scanlon et al., 2006). However, the processes
discussed are also applicable in other settings.(e.g. citrus, tree fruits) high water requirements that
contribute to groundwater
depletion (depending on
irrigation source water). Intensive
horticulture may result in
significant water quality changes
Seasonal Horticulture
(e.g. seasonal fruits &
vegetables, flowers and
bulbs)
Urban
Residential Dense, high-rise
development in cities
Extensive modification of surface
materials and increased paved
area; recharge re-distributed to
localised points where
stormwater runoff may
accumulate and soak-through.
Lower density
suburban development
(e.g. city fringes, ‘urban
sprawl’)
Greater mix of paved and un-
paved areas (e.g. parks and
gardens) provides opportunities
for spatially distributed recharge.
Suburbs typically supplied with
reticulated water (may be
transferred significant distances),
lawn/park irrigation may add to
recharge
Low density peri-urban
areas
Typically un-sewered and may
not receive reticulated water
supply; septic tanks may add to
nutrient and other contaminant
loads in recharge. Native
vegetation and local water
balance may remain less
modified.
Industrial /
commercial
Generally extensively paved with
minimal green space. Recharge
localised, similar to dense high-
rise cities. Potential point sources
of groundwater contamination
introduced.2. Land use change and groundwater recharge
2.1. Conversion of land for agriculture
Agricultural land-use encompasses many different sub-
categories, each of which may have specific implications for
groundwater recharge. Table 1 includes a summary of some of
the major sub-categories and some key characteristics relevant
for recharge. It has been widely documented that conversion of
land for both irrigated and rain-fed (‘dryland’) agriculture causes
significant changes to groundwater recharge rates and mecha-
nisms (Allison and Hughes, 1983; Allison et al., 1990; Scanlon
et al., 2007). Clearing of native vegetation and planting with crops,
which typically have shallower root systems than the vegetation
they replace, has resulted in significant changes to water balances,
including groundwater recharge, in many areas of the world
(Ghassemi et al., 1995; Rengasamy, 2006; Cartwright et al., 2007;
Booth et al., 2016). In arid and semi-arid areas this has typically
resulted in increases to groundwater recharge rates by one to
two orders of magnitude (Allison et al., 1990; Scanlon et al.,
2007). This is because most arid and semi-arid zone vegetation
has evolved to be highly efficient at intercepting and utilizing
water in the root zone, whereas shallow-rooted crops allow greater
deep drainage below this zone. Water that was formerly consumed
as evapotranspiration therefore becomes potential groundwater
recharge in these settings, eventually causing the water table to
rise. Such re-distribution of the water balance with reduced evap-
otranspiration and increased groundwater recharge has occurred
in many regions worldwide where vegetation has been cleared
for agriculture over the past century or so (Scanlon et al., 2007).
Increased recharge due to land clearing and/or irrigation has sig-
nificant consequences for soil and water quality. In many regions of
Australia, China, India and the United States, these changes have
resulted in water-logging and salinization of large areas of land
and water where effective drainage cannot occur (e.g. Allison
et al., 1990; Ghassemi et al., 1995; Rengasamy, 2006). Salinization
due to increased recharge occurs in both rain-fed agricultural land,
where it is often termed ‘dryland salinity’, as well as irrigated land.
Irrigation-induced salinity typically occurs more rapidly, and in the
short-term results in more severe salinization of soils compared
with dryland salinity, which may arise following a significant
time-lag in response to re-distribution of the water balance (e.g.Macumber, 1991; Scanlon et al., 2007; Han et al., 2011). Excessive
recharge from irrigation return flow may lead to rapidly rising
groundwater levels, bringing the capillary fringe to within the zone
of direct evapotranspiration (Fig. 1a & b). In semi-arid and arid cli-
mates this typically results in continuous concentration of solutes
in the shallow groundwater (Cui and Shao, 2005). This process
negatively impacts agriculture, particularly in low-lying or low
topographic relief areas where drainage is restricted, reducing ara-
ble land area, shortening the growing season and reducing crop
yields (Hughes et al., 2011; Soylu et al., 2014; Zipper et al., 2015;
Fig. 1. Conceptual model of variations in groundwater recharge mode under the impact of agricultural activities based on (a & b) Karamay region of northwest China, (c & d)
North China Plain. (a) Gobi desert area before development for agriculture; (b) agricultural development (mainly cotton fields) using long-distance river water transfer for
irrigation, causing groundwater table rise and severe soil salinisation. (c) Piedmont area of North China Plain under natural recharge conditions; (d) change in water table
conditions following agricultural development (mainly wheat and maize) by pumping groundwater for irrigation. This has created a thick unsaturated zone reducing
conversion of potential recharge into actual recharge at the water table.
D. Han et al. / Journal of Hydrology 554 (2017) 545–557 547Booth et al., 2016). It can also cause significant degradation of the
eco-environment (Brunner et al., 2007). Understanding the rela-
tionships between vegetation and groundwater recharge, and con-
ducting careful analysis of the water balance implications of
bringing land into agricultural production are therefore vital to sus-
tainable land and water management.
Unfortunately, despite decades of research and experience with
dryland and irrigation salinity problems in many parts of the world
(dating back to the 1970s and 1980s, e.g. Ghassemi et al., 1995),
there are still recent examples where land salinization has
occurred as an unintended consequence of expansion of agricul-
tural land – such as new irrigation schemes developed as part of
China’s drive to develop its western regions (e.g. Ma et al., 2005;
Brunner et al., 2007; Han et al., 2011). In the Karamay Agricultural
Development Area (KADA) of northwest China, the transfer of irri-
gation water from a major river to an area with previously negligi-
ble groundwater recharge resulted in a sharp rise in groundwater
levels (mean rise in water table of 6.9 m from 1997 to 2009) and
created serious soil salinity (Fig. 1a & b; Han et al., 2011). In this
case, infiltration of irrigation water occupied over 90% of total
recharge following land-use change.
Unintentional changes to groundwater recharge amount and/or
quality may also result where wastewater (subject to variable
levels of treatment) is used for irrigation. Domestic wastewater
can be regarded as a valuable water resource, which may be re-
used directly after suitable treatment for the irrigation of certain
agricultural crops (Foster and Chilton, 2004). This can relieve pres-
sure on agricultural water demand, but can also generate the neg-
ative effects, such as adding a new recharge source containingpotentially large organic and nutrient loads (Jimenez and
Garduño, 2002; Tang et al., 2004). Irrigation with raw wastewater
directly from sewer lines may involve a high public health risk
which must be weighed against benefits carefully (Foster and
Chilton, 2004).
2.1.1. Relationship between recharge and groundwater depletion in
irrigation areas
Globally, groundwater represents an important water source for
irrigation, and based on simple water balance models, increased
groundwater recharge via irrigation return flow may be able to
counteract negative effects of excessive groundwater abstraction
(such as loss of available groundwater in storage) in some agricul-
tural regions (e.g., Kendy et al., 2004; Gleeson et al., 2012; Döll
et al., 2012; McDonald et al., 2014). For example, in the piedmont
area of the North China Plain (NCP), extensive development of agri-
cultural irrigation by groundwater pumping has resulted in rapid
groundwater level decline (Cao et al., 2013); however, it has been
hypothesized that this may be balanced by increased recharge via
irrigation return flow (Kendy et al., 2003).
Complicating this process is the effect of a thickening unsatu-
rated zone on groundwater recharge (McMahon et al., 2006;
Rossman et al., 2014; Cao et al., 2016). Some recharge studies using
unsaturated flow modeling apply free drainage or fixed-head
boundaries at the bottom of a model (e.g., Jiménez-Martínez
et al., 2009; Lu et al., 2011). The process of recharge involves trans-
formation of unsaturated storage to saturated storage change, and
as such recharge will take longer to occur in a thicker unsaturated
zone (Carrera-Hernández et al., 2011) and through fine-grained
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ary conditions used in unsaturated-saturated zone models of tran-
sient recharge processes are thus important (Carrera-Hernández
et al., 2012).
Declining water tables cause an increase in the storage of water
in the unsaturated zone – e.g. reducing the fraction of deep drai-
nage (potential recharge) that becomes actual recharge. There is
also a lag-time between percolation of water below the root zone
and groundwater recharge, which increases as groundwater levels
decline due to abstraction (Rossman et al., 2014). A thickening
unsaturated zone can therefore cause a reduction in groundwater
recharge by increasing both the fraction of unsaturated zone water
storage, and the time-lag between deep drainage and recharge
(Cao et al., 2016). In areas such as the North China Plain or High
Plains Aquifer of the United States, where the depth to water table
continues to increase (to upwards of 40 m over some large
regions), increased irrigation return flow may be primarily adding
to unsaturated zone water storage rather than recharge, prevent-
ing any meaningful water table recovery (Fig. 1c & d; McMahon
et al., 2006; Cao et al., 2016).
Water quality impacts of the change in recharge mechanism to
more diffuse, continuous recharge by irrigation return flow should
also be considered, as there is evidence of significant stores of
unsaturated zone nitrate and/or salts in such areas, which may
be largely yet to reach the water table (McMahon et al., 2006;
Howden et al., 2011; Currell, 2014). In coastal plain aquifers like
the North China Plain, changes to the amount and quality of
recharge may have negative flow-on effects, such as reducing
groundwater discharge fluxes (Fig.1d), aggravating the down-
stream ‘coastal groundwater squeeze’ (Michael et al., 2017).
2.1.2. Management strategies and implications
Salinization of soil and water due to increased recharge has sev-
ere economic and environmental consequences – leading to land
degradation, deterioration of water quality in rivers, wetlands
and shallow aquifers, and the death of crops and native vegetation
in affected catchments (Ghassemi et al., 1995). High-cost engineer-
ing solutions have been developed and deployed in areas severely
affected by dryland and irrigation salinity around the world; for
example, in the Murray-Darling Basin of Australia, a series of ‘salt
interception schemes’ were constructed in the late 20th century,
involving capture of saline groundwater through interception
trenches, drains and pumping bores (Murray-Darling Basin
Authority, 2015). The saline water is diverted to purpose built ‘salt
disposal basins’ where precipitated salt is harvested and sold.
These are costly interventions which create their own ongoing
management challenges (e.g. Simmons and Narayan, 1998). In
order to manage shallow groundwater and soil salinity in affected
regions, decreasing the irrigated area and/or changing to alterna-
tive crops or irrigation patterns may be the only viable method
in the long-term to counter land and water salinization on a large
scale.
2.2. Conversion of land for urbanization
The world’s urban-dwelling population is rapidly increasing
both as an absolute number and a percentage of total population
worldwide (Fig. 2). With this change, increasing land area is being
converted to urban or suburban land in many parts of the world,
with significant impacts on hydrology. The conversion of land from
either agriculture or natural vegetation during urbanization leads
to significant water balance changes (e.g. Brown et al., 2005;
Semadeni-Davies et al., 2008; Schirmer et al., 2013). Human activ-
ities in the urban landscape threaten the quality and quantity of
underlying groundwater resources, and yet worldwide, urban res-
idents increasingly depend on such water for their livelihood(Drangert and Cronin, 2004). A large increase in the population
of many cities, as well as demand for high water-use agricultural
and industrial products globally are causing greater demand for
water (Martinez et al., 2010; Mekonnen and Hoekstra, 2012),
which has significant implications for groundwater recharge and
availability (e.g. Esnault et al., 2014). Similarly, changes in water
use patterns (e.g. reduced local demand for irrigation water and
reduced vegetation water use) accompany conversion agricultural
land to urban land (Kendy et al., 2007). These indirect effects of
urbanization are a complex topic that is beyond the scope of this
review. Instead we focus on the direct impacts of changes in land
cover and the local water balance of cities on recharge to underly-
ing aquifers.
Urban environments significantly alter the nature of recharge to
underlying aquifers (Barrett et al., 1999; Zipper et al., 2017). The
effect of urbanization on groundwater recharge is more compli-
cated in comparison to land-clearing for agriculture, and the
impact on overall recharge rates varies depending on a number
of site-specific factors related to the style and density of urban con-
struction, and the type of infrastructure used to manage storm-
water, sewage and water supply (Appleyard, 1995; Lerner, 2002;
Jeppesen, 2010; Locatelli et al., 2017). A summary of these factors
and their relative importance during the typical stages of urbaniza-
tion is shown in Table 2. It is clear that urbanization always leads
to significant changes to recharge mechanisms and locations, as
well as groundwater quality, yet the overall net change in recharge
amount is variable and a topic of some uncertainty (Lerner, 2002;
Mapani, 2005; Thomas and Tellam, 2006; Tubau et al., 2017). As
with changes due to agricultural land-clearing, it generally takes
considerable time (usually many years) for aquifers to reach a
new equilibrium with respect to the hydrological changes induced
by the urbanization processes, which conversely influence ground-
water levels, flow regimes and quality in underlying aquifers
(Foster, 2001).
Rapid increase in urban populations and water demand in the
past few decades have led to greatly increased water-supply provi-
sion, as well as wastewater production. If water supply to a newly
urbanized area is sourced from outside the immediate catchment
and is distributed by a pressurized mains network, this creates a
new potential source of recharge, via pipeline leakages (Yang
et al., 1999; Lerner, 2002; Vazquez-Sune et al., 2010; Kruse et al.,
2013). Such inter-basin water transfer associated with urban
development can have huge impacts on water balances and lead
to enhanced recharge and rising water tables (e.g. Lerner, 2002).
Sewer networks in urban areas may either act as sources of
groundwater recharge or sinks for discharge, depending on their
relationship to the water table, and their degree of sealing, which
will vary with time, the materials used and the subsurface condi-
tions (Lerner, 2002; Chisala and Lerner, 2008). In some regions,
wastewater infiltration is a major component of total recharge to
aquifers beneath urban areas (Foster and Chilton, 2004). Artificial
recharge through intentional (managed) systems is another grow-
ing aspect of water management in urban areas, which allows the
inevitable changes to recharge amounts and regimes associated
with urbanization to be controlled through engineering works
(e.g. Bouwer, 2002; Dillon et al., 2009). A full review of artificial
and/or managed aquifer recharge is beyond the scope of this paper.
It is widely accepted that an increase in impervious surfaces
associated with urbanization can lead to locally reduced ground-
water recharge rates and increased surface runoff, which subse-
quently discharges to the urban drainage network (Bhaduri et al.,
2000; Schoonover et al., 2006; Dietz and Clausen, 2008; Barron
et al., 2013). While pervious surfaces such as roads and pavements
may decrease groundwater recharge in their immediate vicinity
(e.g. Rose and Peters, 2001; Epting et al., 2008), the additional run-
off is typically channeled into storm-water management systems,
Fig. 2. Growth in global population living in urban areas 1850–2050. Data from: United Nations Department of Economic and Social Affairs, Population Division (2015).
Table 2
Effect of land-use change on hydrology, including groundwater recharge, during urbanization (modified from USGS (2015)).
Stage Changes in land-use Effects on hydrology/recharge
Early
urbanization
 Removal of trees and vegetation
 Bulldozing of land for houses and subdivisions
 Beginning of construction of storm water and sewage
management networks (e.g. pipes, drains, retarding
basins)
 Storm runoff and erosion increase
 Flood risk enhanced due to changes in drainage patterns
 Runoff may be collected by storm sewers and diverted to streams or retention
basins (changes locations and amounts of recharge)
Continuing
urbanisation
 Begin building houses and other buildings
 Building of roads, carparks and other low-permeability
surface structures
 Stream channels are changed to accommodate building
construction.
 Installation drinking water wells and/or decommission-
ing of irrigation and stock water supply wells
 Reservoirs may be built or streams diverted to supply
water via reticulated pressurised mains systems
 Natural land that soaked up runoff replaced by large areas of impervious material
(reduced recharge potential). Water that previously soaked into the ground runs
off into streams and/or retention basins (increased recharge potential)
 Groundwater extraction may increase (inducing more recharge) or decrease
(reducing recharge)
 Mains water supply (e.g. diverted surface water) may leak to groundwater, pro-
viding new recharge source
After
establishment
of urban areas
 Urbanization finished by completion of houses, com-
mercial and industrial buildings.
 Surface runoff diverts to storm-water management net-
work (drains, pipelines, retarding basins)
 Wastewater diverted to water treatment plants and
discharged into local waterways.
 Installation of large capacity water wells to supply
municipal drinking water or industrial water.
 Impervious areas characterised by lower recharge potential; pervious areas
become recharge ‘point sources’.
 Runoff from increased paved areas may cause flooding and erosion in surface
waterways and locally increased recharge.
 Sewage may leak to groundwater (increased recharge of poor quality water) or
groundwater may discharge into sewer pipes
 May cause decline in water tables, leading to localised subsidence, sinkholes, salt
water intrusion
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streams (e.g., Schütte and Schulze, 2017; Chen et al., 2017). These
systems may act to rapidly channel surface runoff from the urban
landscape to particular locations, such as constructed wetlands or
retarding basins. These locations may then become new ‘point
sources’ of locally enhanced groundwater recharge (e.g. see Sec-
tion 3.2 below). Hence, overall changes in the net recharge amount
within newly urbanized landscapes are difficult to quantify. Exist-
ing estimates of net changes to recharge in urbanized landscapes
indicate a range of possible outcomes including slight overall net
decrease to significant overall increase, however this is contingent
on a number of factors and feedbacks – such as changes in water
use patterns in the surrounding areas (Lerner, 2002; Zipper et al.,
2017).
Table 2 describes common hydrological changes which occur
during urbanization that have a direct impact on recharge mecha-
nisms and rates. There are to date few published studies that have
collected field-based groundwater data throughout the conversion
of land from agriculture or natural vegetation to urban, to docu-
ment the magnitude of change and/or their mechanisms(Schirmer et al., 2013). Section 3 below describes one such case
study where land used for horticultural production has been
recently replaced by residential sub-divisions. In this case, urban-
ization resulted in significant re-distribution of runoff, changing
the locations and amounts of groundwater recharge throughout
the catchment.3. Techniques for quantifying changes in recharge due to
anthropogenic landscape change
3.1. Environmental tracers
Chemical-tracer techniques for estimating recharge have
advantages over other methods in that they involve direct field
measurements, and can provide estimates of recharge which inte-
grate a range of time scales, including periods pre-dating the avail-
ability of water level records and other physical measurements
(Nativ et al., 1995; de Vries et al., 2000). Chemical tracers have
been successfully used to determine the impact of land-use change
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of increased groundwater recharge due to land-clearing (e.g.
Allison and Hughes, 1983).
The chloride mass balance (CMB) technique is the most widely
used tracer-based approach for estimating recharge, utilizing both
unsaturated and saturated zone chloride concentration data using
the general equation below (1) (e.g. Allison and Hughes, 1978;
Wood, 1999; Scanlon et al., 2006).
P  ClP ¼ R ClR ð1Þ
where, P equals precipitation rate, ClP = average chloride concentra-
tion in precipitation, R = recharge rate and ClR = average chloride
concentration in recharge, over a given time period. Bresciani
et al., (2014) recently demonstrated that in coastal areas, additional
accumulation of chloride from dry deposition of sea-spray onto
coastal vegetation can have significant effects on the deposition of
chloride in rainfall (e.g. ClP) and can therefore affect recharge esti-
mates in coastal settings.
Unsaturated zone chloride profiles have been used to determine
and quantify the impact of major land-use changes on recharge
rates; this was first documented in the Mallee area of the Murray
Basin in southeast Australia, where Allison and Hughes (1983)
showed that land-clearing had resulted in significant increases in
recharge rates. This change was seen in statistically significantly
different Cl profiles below cleared and un-cleared areas of Mallee,
as well as step-changes in unsaturated zone chloride concentra-
tions in the shallower part of soil water profiles below cleared
areas (where a new steady state was yet to be reached). This tech-
nique has been extended and applied to regions with contrasting
vegetation cover (and otherwise analogous conditions), and/or dif-
ferent land-use histories, to constrain the effects of land-use
change on recharge and timescales of such change. Huang and
Pang (2011) and Gates et al., (2011) both adopted this approach
within the Chinese loss plateau and found measurable decreases
in recharge associated with conversion of grassland or wheat crops
to orchards and other trees planted for soil conservation. This
approach requires a method (based on chloride or other environ-
mental tracers such as tritium) to estimate unsaturated zone water
residence times, and the amount of time needed to reach a new
steady state recharge rate. This generally requires a thick unsatu-
rated zone with slow infiltration in order to preserve a record of
pore-water covering the period(s) of land-use change.
It is important to identify the sources of chloride in groundwa-
ter systems when using this technique. Introduction of Cl-bearing
pollutants (e.g. from fertilizers, landfills or polluted surface water
bodies) will invalidate the technique. Estimation of groundwater
recharge rates using the CMB method are generally more applica-
ble in inland areas, especially semi-arid and arid regions, where are
not likely to be influenced by saltwater intrusion or sources of
urban contamination (Rohde et al., 2015). In urban areas, the use
of environmental tracers is complicated by the presence of near
ubiquitous inputs of anthropogenic contaminants into groundwa-
ter. Vazquez-Sune et al. (2010) developed a method of urban
recharge estimation based on end-member mixing analysis which
has been applied in Barcelona, Spain; many other studies have
attempted to use particular tracers to examine recharge by
sewer-leakage or other recharge mechanisms in the urban envi-
ronment, with variable levels of success (Appleyard, 1995;
Barrett et al., 1999; Wolf et al., 2012).
In addition to recharge rates, it is also vital to identify and map
recharge areas (Scanlon and Cook, 2002; Candel et al., 2016). Such
areas may change during conversion of land for agriculture or
urbanization. Time series monitoring of environmental tracers
such as tritium and/or chloride can be used to detect these changes
in conjunction with water level information (e.g. vertical hydraulic
gradients). This can help local managers make land-use planningdecisions which allow for preservation and potentially enhance-
ment of aquifer recharge. Combined application of stable and
radio-isotope tracers (d18O and d2H), 14C, 3H and 86Sr/87Sr in con-
junction with chloride have proven effective in certain settings
for assessing recharge zones, infiltration rates and identifying
zones of spatially restricted recharge (e.g. recharge ‘windows’)
(Clark and Fritz, 1997; Han et al., 2010; Meredith et al., 2012;
Uribe et al., 2015; Candel et al., 2016).
3.2. Physically-based techniques
Physically-based techniques of recharge estimation include the
water-table fluctuation (WTF) method, monitoring matric poten-
tials and/or lysimetery, and water budget/balance approaches.
The WTF method uses rainfall-induced seasonal fluctuation of
groundwater levels and the aquifer’s specific yield to estimate
recharge (Healy and Cook, 2002). Its use and limitations have been
extensively reviewed elsewhere (Cuthbert et al., 2010; Healy,
2010). Monitoring matric potentials in unsaturated zones has been
helpful for delineating recharge processes associated with inter-
annual climate variability and land use/land cover changes
(Scanlon et al., 2005) and could be expanded to (semi-) arid regions
globally (Scanlon et al., 2006). Instrumentation difficulties and the
lack of ability to up-scale recharge estimates are one limitation of
this approach. Similar limitations apply to measurement of drai-
nage through unsaturated zones using lysimeters. Lysimetry has
been used with some success to directly measure drainage of water
past the root zone (e.g. potential recharge); however it is a costly
and invasive technique that produces only locally applicable esti-
mates (Allison et al., 1994). Recharge estimates derived from the
water balance rely on calculating recharge as the residual of other
water balance terms (precipitation, surface runoff, evapotranspira-
tion and groundwater inflow/outflow). The success of this
approach thus depends entirely on the accuracy of the gauging of
each term. The method is therefore generally considered to be or
relatively low accuracy where recharge rates are a small compo-
nent of the water balance, as in most semi-arid and arid areas
(e.g. Scanlon et al., 2002). Uncertainty in the evapotranspiration
term is typically the greatest potential error source. This can be
bias-corrected using an independent method - the remote sensing
water-balance (WB) method, which uses satellite estimates of
evapotranspiration (ET) as a means of estimating net recharge
(Szilagyi et al. 2011; Crosbie et al., 2015).
Crosbie et al. (2015) compared the above recharge estimation
methods described above (Brown et al., 2006; Crosbie et al.,
2015, 2010) in a particular region - South Australia, and deemed
that (i) the WTF method is a small spatial-scale estimate of gross
recharge at an annual scale; (ii) The CMB and theWBmethods esti-
mate net recharge (gross recharge minus ET from the water table);
(iii) theWTFmethod would give the highest magnitude of recharge
on large spatial scales, followed by CMB, and the WB method.
Rohde et al. (2015) came to similar conclusions (e.g. recharge esti-
mates from WTF > CMB).
It is difficult to identify and quantify urban groundwater
recharge using physical techniques (Tellam et al., 2006). Besides
chemical-isotopic analysis for identifying specific recharge sources
(water-main leakage and wastewater infiltration), piezometric
monitoring and water balance/budget methods may be applied
to study the effects of these recharge sources on net recharge
(Lerner, 1986, 2002; Lerner et al., 1993; Fernando and Gerardo,
1999; Wiles and Sharp, 2008). To date there have been few studies
published which have collected physical measurements of
recharge in areas of changing land-use (e.g. urbanization) to exam-
ine changes over time in response to this. However, the WTF
method, being an event-based recharge estimation technique,
should be amenable to these settings, provided time-series data
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level data, and any changes in recharge process or other effects
(such as pumping) are taken into account.
3.3. Modelling
Modelling is the only technique that can be employed to predict
future recharge rates and evaluate the effect of various alternative
management strategies on groundwater recharge (Lerner, 2002;
Scanlon et al., 2006; Zipper et al., 2017). In general, unsaturated
flow modeling of recharge using Richards’ equation is computa-
tionally intensive because it requires fine grids (Hunt et al.,
2008). Moreover, the required data for the soil-water constitutive
relationships are often not readily available. For realistic basin-
scale simulations, closed-form solutions for simulating unsatu-
rated flow are highly advantageous because there are no restric-
tions for numerical stability. The kinematic wave approximation
of the one-dimensional Richards’ equation through a homogeneous
unsaturated zone, as used in the MODFLWOW UZF package, can
provide an alternative that is well suited to large-scale models
(Niswonger et al., 2006). In order to estimate the regional diffuse
(areally distributed) groundwater recharge, the assumption of a
homogeneous unsaturated zone within a basin scale model is gen-
erally considered reasonable (Niswonger and Prudic, 2009), how-
ever, this requires careful assessment and ideally, validation
using field-based techniques. Groundwater recharge can be simu-
lated using unsaturated zone energy balance models such as
WAVES (Zhang and Dawes, 1998), which is a soil-vegetationatmo
sphere-transfer model, achieving a balance in complexity between
carbon, energy and water balances (Crosbie et al., 2010). Although
precipitation and applied irrigation volumes show large scale sea-
sonal fluctuations, unsaturated zone flow (affected by soil texture
and water table depth), ultimately control the recharge amount.
The importance of antecedent soil moisture, climatic conditions,
and applied irrigation in generating recharge is also evident in
inter-annual variations in recharge (Cao and Zheng, 2016).
Many studies have been conducted to model infiltration behav-
ior and predict storm-water recharge and groundwater mounding/
water levels rise in urban areas, using methods such as a Richards’
equation-based numerical model (Duchene et al., 1994;
Dussaillant et al., 2004), steady-state surface-underground model
(Guo, 1998; Bouwer, 2002), HYDRUS-2D (Göbel et al., 2004;
Thompson et al., 2010), distributed groundwater flow models
including MODFLOW (Endreny and Collins, 2009; Roldin et al.,
2012, 2013; Kruse et al., 2013), and coupled models of groundwa-
ter flow and urban stormwater (Kidmose et al., 2015) or surface
water hydrology (Ott and Uhlenbrook, 2004; Barron, et al., 2013).
Uncertainty arising from input data measurement errors (from
potentially many sources) and the non-unique nature of modelling
outputs need to be carefully considered; the complexity of urban
water balances generally increases the number of potential sources
of uncertainty in these models in comparison to agricultural areas.
Based on an approximately 40-year-long observation data
record, a coupled MIKE SHE-MIKE URBAN groundwater model
was used to quantify the extent of groundwater levels rise as a
result of urbanization, including greenery irrigation of new estab-
lished gardens, reduction of evapotranspiration due to a decrease
in green areas, and the development of artificial stormwater infil-
tration, in Perth, Western Australia (Locatelli et al., 2017). Numer-
ical groundwater flow and solute transport modeling was used to
determine the contribution of precipitation, water-main leakage,
and sewer leakage to total recharge in Nottingham, UK (Yang
et al., 1999). A coupled groundwater-agroecosystem model
(MODFLOW-AgroIBIS (MAGI)) was used by Zipper et al., (2017)
to examine the impact of urbanization on recharge and agricultural
yields under a range of possible assumptions and scenarios; thisstudy found dynamic feedbacks between urbanization, recharge
and crop yields in the surrounding agricultural areas which could
result in increases or decreases in recharge rates, water table depth
and yields depending on various factors.
A primary challenge in using any type of model to examine the
impact of land-use change on recharge is the development of robust
conceptual models that simulate groundwater recharge processes
and other associated hydrological effects accurately. The results of
multi-tracer studies and physically-based techniques can serve as
the basis for more reliable conceptual models; for example
Ordens et al. (2014) investigated the effects of different model con-
ceptualizations on transient recharge predictions for the semi-arid
Uley South Basin, South Australia. In the near future, greater levels
of data fusion between different estimation techniques may assist
in further developing these model-based approaches.4. Case studies: Urbanization impacts on groundwater recharge
As discussed in Section 2, there is a reasonably good under-
standing of the impacts conversion of land for agriculture on
groundwater recharge, based on decades of research (e.g. Allison
et al., 1994; Scanlon et al., 2007). However, understanding how
groundwater recharge is impacted by urbanization is a relatively
poorly studied phenomenon, which will gain in importance as
the urban population continues to grow worldwide. Below, two
case studies examining the effects of urbanization on groundwater
recharge are described, which highlight possible approaches and
future directions for tackling this challenge.4.1. Beijing, China
Major urban areas such as ‘megacities’ (those with populations
greater than 10 million) are hotspots of global water use and face
intense water management challenges (McDonald et al., 2014;
Yang et al., 2016). Groundwater contributes approximately one
half of the total water supply for the City of Beijing. In December
2014, the South to North Water Transfer Project (SNWT), the
world’s largest water transfer project to date, began to supply
water to the city. By the end of 2015, Beijing had begun to use
the water diverted from the Yangtze River (approximately 0.8 bil-
lion m3), accounting for 20% of the current total water supply
(Beijing Water Authority, 2015). Hence, although, the water trans-
fer project was designed to alleviate pressure on groundwater
resources below the city, groundwater still remains the most
important water supply source.
Besides recharge from precipitation, lateral groundwater flow
from the western mountains and the leakage from the Yongding
and Chaobai rivers are the primary recharge sources for groundwa-
ter under Beijing City. The mean annual precipitation in the Beijing
Plain is 613 mm (1959–1998). During 1999–2011, Beijing suffered
a long drought, during which mean annual precipitation was
500 mm or 20% below average. Decreased groundwater recharge
associated with the drought caused significant storage depletion
in order to maintain an annual groundwater abstraction of 2.4 bil-
lion m3 required for water supply (Zhou et al., 2012) (Fig. 3). Reser-
voirs (including the Miyun, Huairou, Guanting reservoirs)
constructed in the 19500s intercept most of the runoff which may
otherwise recharge groundwater on the Beijing Plain, and these
also serve as an important water supply. The Yongding and Chao-
bai rivers dried up during the drought and remain at low-flow
levels except when flood water is released from upstream reser-
voirs in extreme wet years.
The metropolitan area of Beijing increased from 380 km2 in the
1980s to 3440 km2 in 2012. Rapid urbanization has had significant
impacts on groundwater recharge, evapotranspiration and pump-
Fig. 4. Groundwater budget for the aquifer system under the Beijing Plain. Data
from Zhai and Wang (2012), Beijing water resource bulletin (2009–2015). The
recharge term in the figure is calculated using the reported groundwater storage
change, abstraction and discharge data, therefore, it lumps all recharge components
together.
Fig. 3. Variations of groundwater abstraction in Beijing and spatially averaged depth to groundwater level over the Beijing Plain from the 19800s to 2015. Data from Zhai and
Wang (2012), Beijing Water Authority (2015).
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rainfall may have locally decreased with increasing impermeable
areas, evapotranspiration also decreased. Zhang and Kennedy
(2000) estimated a decrease of 100–250 mm/yr in evapotranspira-
tion during Beijing’s urbanization. The recharge coefficient (the
fraction of precipitation become recharge) was estimated to be
0.14 for low permeability cover areas, and 0.45 for permeable
areas. Net recharge was estimated to be reduced by 150–
190 mm/yr on this basis. However, the increased runoff and infil-
tration of wastewater through the natural river systems may also
produce additional recharge (Zhang and Kennedy, 2006), while
leakage from urban water supply pipelines is an important compo-
nent of groundwater recharge that was not quantified. The esti-
mated pipe leakage rate in Beijing is approximately 16%
according to Chen et al., (2008). The amount of tap water supplied
to Beijing in 2015 was 1.04 billion m3 (Beijing Statistical Year Book,
2016), and pipe leakage was estimated to be approximately 0.17
billion m3 or one-tenth of precipitation recharge. By 2016,
imported river water entering Beijing through the SNWT project
may produce additional leakage from water mains, creating a sig-
nificant artificial recharge source. Considering the present deep
water table below Beijing, the leakage of sewage pipelines may
also contribute recharge (Zhang and Kennedy, 2006), however this
may only reach the water table after a significant time-lag.
In contrast to other megacities in the world, agriculture in the
rural areas surrounding Beijing also uses significant water –
approximately 50–60% of total water supply in the region. Again,
most agricultural irrigation water in the rural areas around Beijing
is sourced from groundwater withdrawal (Shao et al., 2016). The
amount of water used for agriculture dramatically decreased from
1.7 billion m3 in 2001 to 0.7 billion m3 in 2015, through adoption
of more effective irrigation methods, and conversion of agricultural
land for urbanization. Although groundwater irrigation return flow
may play an important role in recharge, the continually increasing
groundwater depth indicates a net negative effect of groundwater
irrigation on the groundwater system. Groundwater budget terms
can be generally estimated using approximate empirical methods
for the entire Beijing region (Fig. 4). It is however difficult to use
these data to evaluate recharge variation due to urbanization itself
with any level of precision.
Although many studies have recognized increased groundwater
recharge during urbanization (e.g., Foster et al., 1994; Lerner, 2002),
a contrary common belief of reduced recharge associated with
urbanization in cities like Beijing still exists (e.g., Shao et al.,
2016). The experience in Beijing indicates that groundwater
recharge variations are a result of the combined effects of multiple
natural and artificial factors, whichmust consider the complex pro-
cesses of landscape and hydrological evolution during urbanization.4.2. Melbourne, Australia
Like many cities around the world, Melbourne is experiencing
rapid population growth, and as a result the boundaries of the
city’s greater area are expanding into regions of agricultural land.
A recent study has been monitoring the effects on groundwater
recharge of such land-use conversion to residential sub-divisions
on the south-eastern boundary of the city (Hall and Currell,
2016). The area is located on the uplifted divide between two sur-
face catchments, underlain by basins containing layered sedimen-
tary and volcanic aquifers (Port Phillip and Western Port Basins).
The area is mapped as being one of the recharge areas for the aqui-
fers of the Western Port Basin – an important water supply aquifer
providing groundwater for market garden irrigation (Lakey and
Tickell, 1980; Currell et al., 2013).
Monitoring of groundwater levels, electrical conductivity and
environmental tracers including major ions, tritium, radiocarbon
and stable isotopes of water at a series of sites prior to, during
and after conversion of this land from agriculture to new urban
sub-divisions has provided insights into the changes in recharge
locations, mechanisms and rates being experienced due to such
land-use conversion (Figs. 5and 6).
In areas as-yet unaffected by urbanization, diffuse recharge
rates, calculated using chloride mass balance, are typically low –
on the order of a few mm per year. However, the presence of tri-
tium and nitrate in much of the shallow groundwater indicates
that some active recharge has taken place over recent decades
under the agricultural landscape. These low recharge rates appear
Fig. 5. Case study site including a) Location of the study area in southeast Australia, b) Digital terrain model showing position of the study site near the catchment divide
between the Port Phillip and Western Port basins (a mapped recharge area); c) constructed wetland used to manage stormwater runoff in newly constructed suburban areas,
and nested monitoring wells used to monitor impacts of wetland on adjacent groundwater levels and quality.
Fig. 6. Shallow groundwater level and electrical conductivity adjacent to new constructed wetland, showing response of groundwater levels and quality following regular
filling of the wetland with stormwater runoff from suburban development areas.
D. Han et al. / Journal of Hydrology 554 (2017) 545–557 553(as yet) to be largely unaffected by land-use change associated
with urbanization, with the exception of a particular sub-area
where a major wetland has been constructed to manage storm-
water runoff in the newly urbanized parts of the catchment
(Fig. 5, Table 3).Monitoring shallow and deep groundwater levels and electrical
conductivity adjacent to the wetland in the early stages of urban-
ization - before it began to receive regular storm-water inflows –
revealed relatively saline groundwater (electrical conductivity of
approximately 3.8 mS/cm) that showed limited change in response
Table 3
Environmental tracers sampled in shallow groundwater adjacent to constructed wetland in new residential area, southeast Melbourne. Following approximately 18 months of
periodic filling of the wetland with stormwater runoff, the adjacent shallow groundwater composition changed markedly indicating recharge by wetland leakage (B. Hall & M.
Currell, unpublished data).
Shallow groundwater (BH4S):
Prior to wetland filling
Shallow groundwater (BH4S):
After 18 months periodic wetland filling
Wetland surface
water
Electrical conductivity @ 25 C (mS/cm) 3.78 0.56 0.30
Tritium (TU) Below detection 2.29 ± 0.27 (modern) 2.09 ± 0.26
Carbon-14 (pMC /Uncorrected age, years) 75.5 ± 0.27/2255 98.3 ± 0.3/modern NA
Stable water isotopes (d18O, d2H, ‰ VSMOW) 5.5, -35 5.2, -27 4.9, -26
554 D. Han et al. / Journal of Hydrology 554 (2017) 545–557to rainfall events (Table 3, Fig. 6). Environmental isotopes indicated
that this water was ‘pre-modern’ (e.g. tritium concentrations were
below detection limits and radiocarbon activity was 75.5 pMC).
However, following a series of rain events over a period of approx-
imately 18 months, during which the wetland received significant
volumes of storm-water runoff, the salinity of the adjacent shallow
groundwater began to decline, eventually reaching new and rela-
tively stable EC values of between 0.5 and 1 mS/cm – approxi-
mately one fifth of the pre-existing shallow groundwater.
Sampling of the shallow groundwater following this hydrological
change showed that the previous groundwater had been displaced
by fresher recharge from the wetland, containing higher tritium
concentrations (2.3TU) and radiocarbon activity (98.3 pMC), con-
sistent with very recent recharge, and stable isotopic compositions
similar to surface water sampled in the wetland (Table 3). This
indicates that the wetland now acts as a new point source or ‘win-
dow’ for groundwater recharge into the shallow aquifer in the
urbanized landscape. Water level and EC records show that ini-
tially recharge from the wetland did not entirely displace the res-
ident (more saline) groundwater (Fig. 6); only following a series of
rain events and associated filling/emptying of the wetland did this
recharge fully displace the pre-existing groundwater. Deeper
groundwater monitored at the same location remained as-yet
unaffected at the time of writing (e.g. the chemical and isotopic
composition showed no significant change); however the deeper
aquifer did exhibit a pressure-loading response to the filling of
the wetland with runoff following major rain events.
A change from diffuse recharge occurring at relatively low rates
within agricultural or naturally vegetated landscapes, to higher
rates of more geographically restricted ‘point source’ recharge is
thus one potentially consequence of urbanization associated with
managing storm-water using such structures in the urban environ-
ment. Such change may be broadly occurring in many analogous
settings worldwide. Urban stormwater management systems are
generally designed to rapidly channel runoff to particular points
in the landscape to avoid flooding; hence potential diffuse recharge
is likely to be largely directed to these new point sources following
land-use conversion (e.g. Appleyard, 1995). In general, recharge
from these features is likely to be relatively fresh compared with
diffuse recharge, as it is able to bypass the shallow soil zone, where
evapotranspiration typically results in some degree of salinization.
Ensuring the water quality in constructed wetlands is not compro-
mised by pollutants from surrounding areas is crucially important
for ensuring groundwater quality is not impacted adversely by
such changes in recharge mechanism and location(s).5. Conclusions
The impacts of anthropogenic land-use change on groundwater
recharge have been reviewed, with a particular focus on conver-
sion of land for agriculture and urbanization. All anthropogenic
landscape change has the potential to significantly impact ground-
water recharge rates, mechanisms and quality, and the effects are
generally non-linear and difficult to predict, owing to complexfeedbacks between land-use and hydrological processes. Clearing
of land for agriculture and irrigation has resulted in increased
potential (and actual) recharge in many semi-arid areas of the
world, causing salinization of land and water. However in areas
where groundwater is used in irrigation, and pumping has caused
significant water table declines, this effect is complicated by thick-
ening unsaturated zones, which reduce the fraction of potential
recharge becoming actual recharge. Conversion of land for urban-
ization creates new surfaces which are in places less permeable
than most pre-existing land uses, but also results in new recharge
sources such as water supply and sewer network leaks, focused
recharge through constructed wetlands, and changes ET and sur-
face runoff rates. Active and/or abandoned mining sites can signif-
icantly change groundwater recharge conditions, including
recharge quantity and quality, at specific locations in the land-
scape, creating serious local environmental impacts. Environmen-
tal tracers, physical measurements and modeling may all be used
to assess changes to recharge amounts and processes during
land-use change; however, constraining accurate estimates and
accounting for time-lags presents difficulties. Ideally a combina-
tion of independent methods of recharge estimation before, during
and after land-use change should be employed to determine its
effects. Determining the effects of ongoing urbanization on
groundwater recharge remains a major research challenge, for
which the empirical data and case studies are currently limited –
this presents new future research opportunities.
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